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PREFACE 


The Electric and Hybrid Vehicle (EHV) Research, Development, and 
Demonstration Act of 1976, Public Law 94-413, later amended by Public 
Law 95-238, established the governmental EHV policy and the current 
Department of Energy EHV Program. The EHV System Research and Develop- 
ment Project, one element of this Program, is being conducted by the 
Jet Propulsion Laboratory (JPL) of the California Institute of Tech- 
nology through an agreement with the National Aeronautics and Space 
Administration. Tiiis report presents the results of the FY'78 investi- 
gations conducted under the Aerodynamic Resistance Reduction work ele- 
ment. This work element is a part of the Supporting Vehicle Technology 
Task and Vehicle Systems Development Task Area. 
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SUMMARY 


This document describes the objectives, approach, and FY’78 progress 
and results of the Aerodynamic Resistance Reduction work element ot the 
Electric and Hybrid Vehicle System R&D Project managed by JPL for the 
Department of Energy. 

The generation of an EVH aerodynamic data base was initiated by 
conducting full-scale wind tunnel tests on 16 vehicles. Zero-yaw drag 
coefficients ranged from a high of 0.58 for a boxey delivery van and an 
open roadster to a low of about 0.34 for a current 4-passenger, prototype 
automobile which was designed with aerodynamics as an integrated para- 
meter . 


A subscale investigation was performed in order to identify any 
characteristic effects of aspect ratio or fineness ratio which might 
appear if electric vehicle shape proportions were to vary signif icantJ.y 
from current automobiles. Some preliminary results are presented which 
indicate a 5-10% variation in drag over the range of interest. 

A rigorous procedure was developed in order to determine effective 
drag coefficient wind-weighting factors over J227a driving cycles in 
the presence of annual mean wind fields. The application of this 
procedure allows a user to accurately account for statistical wind 
effects in computer simulations by means of a modified constant-drag 
coefficient. Such coefficients, when properly weighted, were found to 
be from 5 to 65% greater than the zero-yaw drag coefficient in the cases 
presented. 

In order to guide preliminary design work, a review of the general 
principles of the aerodynamic design of automobiles is presented along 
with several drag-estimating procedures and commentary. Also included 
is a vehicle aerodynamics bibliography of over 160 entries, in six 
general categories. 


V 
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SECTION I 


INTRODUCTION 


As an automobile moves along a road surface, the resulting 
displacement of the air gives rise to various forces and moments. Com- 
puter simulations have demonstrated that, under some atmospheric and 
operating conditions (or driving cycles), these forces and moments can 
be of sigiilf leant magnitude. Tire/road forces are normally a weak 
linear function of velocity in the range of Interest. Aerodynamic forces 
increase with the square of the velocity; hence the power required to 
overcome aerodynamic resistance increases as the cube of the car's 
velocity. It is therefore Imperative that proper attention be paid to 
aerodynamic design. 


Minimization of drag is not the only factor Involved in optimizing 
aerodynamic efficiency. Others inelude: 

(1) Lift distribution and side wind stability. 

(2) Ventilation of occupants, motor, batteries, etc. 

(3) Splash or road dirt accumulation. 

(4) Interior neise level. 

These, however, will not be given further attention at this time, 
since it is drag ]that principally affects driving range. 

The aerodynamic drag component clearly dominates the road load 
requirement at high cruise speeds. It is Important to note, however, 
that even over an SAE J227a D cycle (maximum speed only 72 kph) , more 
than 35% of the energy (at the road-wheel interface) goes to overcome 
aerodynamic drag for a typical subcompaet class electric vehicle with 
no regenerative braking (see Figure i) . (The addition of regenerative 
braking could increase the relative aerodynamic contribution to almost 
40% in this case.) The rolling component (1.4% of the vehicle weight 
at zero speed) Includes all internal losses from tires, gears, etc. 

It is reasonable to expect that, with vigorous design efforts, a 
drag area (C^yA)* of 0.54 m^ (5.8 ft^) may be achievable — a 40% reduc- 
tion from 0.9 m^ (9.7 f t^) , which is typical of today's subcomnact car. 
As Figure 2 shows, this could result in a 20% Increase in the SAE J227a 
D cycle range. To achieve a similar benefit ^'ia a reduction in rolling 


The drag coefficient, Cj^, is nondiraenslonal and is defined as 

2 

Cjj = Drag Force/ (1/2 x Air Density x Velocity x Frontal Area) 

The frontal area, A, is the vehicle's projected frontal area including 
tires but excluding appendages such as mirrors, roof racks, antennas, 
etc. 
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Figure 2. Projected Vehicle Range Over the SAE J227a D Cycle as a 
Function of Various Parameters (No Regenerative Braking) 



resistance would require a 34% reduction, to about 0.9% (a rather 
unrealistic value since this includes all rolling losses in addition to 
that due to the tires), or a 22% reduction in vehicle weight (300 kg). 
These examples, although simplified, tend to demonstrate the potential 
benefits from, and justification for pursuing aerodynamic resistance 
reduction.. 

It should also be pointed out that electric vehicles (EV) have 
certain inherent attributes which are aerodynamically beneficial. 
Internal aerodynamic losses associated with radiator airflow for an 
internal combustion (IC) engine counterpart are not a factor for 
electric vehicles (EVs) . Also, full belly pans, which have given rise 
to safety and maintenance objections in IC engine cars, may be quite 
acceptable in an EV. These two considerations alone could reduce the 
drag of an EV by as much as 20% over an IC engine equivalent. Further, 
the requirements for battery volume and placement may dictate ranges of 
body proportions which are quite different from those of conventional 
automobiles. Center longitudinal battery tunnels, for instance, cause 
a vehicle to be unusually wide; smaller motors and potentially more 
compact drive lines may allow a significanit redistribution of propor- 
tions. These could have either beneficial or detrimental aerodynamic 
consequences. 


This report examines several elements pertaining to electric 
vehicle aerodynamic resistance reduction and presents the program 
results for the 1978 fiscal year. 
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SECTION II 


OBJECTIVES AND APPROACR 


The general objective of this investigation is to provide trade- 
off information to industry to aid in the development of aerodynamically 
efficient electric and hybrid vehicles, and specifically, to develop 
simplified aerodynamic design principles and procedures suitable for 
use by the EHV Industry. This does not imply that a generalized "hand- 
book" approach to aerodynamic design will be developed during this 
program; however, the utility and limitations of such generalizations 
will be examined. Though elementary pitfalls can sensibly be avoided 
by using such an approach, it is believed that an optimized design can 
be realized only through an extensive experimental wind tunnel develop- 
ment program. Subscale developmental testing can yield valuable rela- 
tive trade-off information; full-scale testing may be required to 
d e termlne absolute levels. 


The approach adopted for this work element includes the following 

steps : 

(1) Assess the state of the art. More than 20 individuals 

in government, private industry and academic institutions 
were contacted. Discussions centered on the general state- 
of the -art of automotive aerodynamics status and the 
special characteristics of electric vehicles. Automobiles 
are characterized as aerodynamically bluff bodies operating 
in a ground effect with large regions o£ separated flow. 

As such, analysis is usually not amenable to classical 
theoretical treatment and is therefore (currently) an 
empirical process. A bibliography covering a wide range 
of automotive aerodynamic subjects has been collected and 
is contained in this report. 

(2) Assemble a realistic aerodynamic data base for representa- 
tive electric vehicles. For proprietary and other reasons, 
there is a great lack of reliable aerodynamic data on full 
scale IC engine vehicles. There is even less data available 
for electric vehicles, which tend to differ from conven- 
tional vehicles in air inlet size, underbody design, and 
dimensional proportions. In order to provide the necessary 
support to the EHV industry, an aerodynamic data base must 
be established and continually updated. The data base is 

to be used to guide the formulation of engineering design 
concepts in the areas of reducing aerodynamic drag, improv- 
ing ventilation and cooling, and providing more accurate 
input to computer simulation studies and dynamometer test- 
ing. This is being accomplished by assembling what limited 
full-scale data on applicable vehicles is available, and 
supplementing it with full-scale wind tunnel test results 
on electric, hybrid, and subcompact cars. 
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( 3 ) 


Investigate the aerodynamic effects of systematic variations 
in dimensional proportions. Some electric- and hybrid 
vehicles are now being designed from the ground up, rather 
than as conversions of conventional heat-engine cars. The 
aerodynamic design principles employed in the past may not 
be directly applicable owing to fundamental differences in 
the design. For instance, the effects of aspect ratio 
(height/width) and fineness ratio (length /effective diameter) 
for automobiles are not sufficiently well understood to 
allow preliminary design trade-offs between component place- 
ment and aerodynamic consequences to be made. For these 
reasons, subscale wind tunnel tests on a siidpllfied auto- 
mobile shape were performed. 

(4) Relate the aerodynamic results from various test techniques. 

To establish absolute levels of drag and rolling resistance 
under road conditions, some of the vehicles tested at full- 
scale in the wind tunnel will be road tested using the 
coast-down technique. This is particularly Important for 
electric vehicles since drag reduction strategies may 
include full or partial underpanning and wind tunnel testing 
alone may not produce conclusive information. This procedure, 
supplemented by wind tunnel yaw data, will provide the com- 
plete information required for detailed cycle simulations 

and range calculations. In addition, wherever available, 
subscale wind tunnel data can be compared to full-scale 
data in order to develop correlation and confidence levels. 

(5) Investigate the effects of ambient winds on aerodynamic 
drag. Since a road vehicle, statistically, operates in a 
windy environment, a rational wind-weighting procedure must 
be used to determine the effective drag level. Several, pro- 
cedures have been developed around "statistical" winds 
(References 1 and 2)", but these do not superimpose a driving 
cycle. This is a necessary extension in order to properly 
simulate the aerodynamic contribution in computer and 
dynamometer simulations. 
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SECTION III 


AERODYNAMIC DATA BASE 


As nieationed earlier, very little reliable aerodynamic data on 
conventional automobiles, is available, and virtually none on special 
electric or hybrid vehicles. The automobile manufacturers, both foreign 
and domestic, have generated a great deal of aerodynamic information for 
IC engine vehicles, but it remains largely proprietary. Most of the 
data that is available is from subscale wind tunnel tests of questionable 
or unknown origin. Herein lies a basic problem with random wind tunnel 
data; it is generally not arrectly comparable, owing to such factors 
as scale, level of detail (internal flow paths, undercarriage, etc.), 
flow conditions, and data reduction procedures, the absolute values of 
the coefficients are of limited value. The difference in measured drag 
between a "reasonably detailed" scale model and the full-sized production 
vehicle is often 20% or greater. 'Ihc same automobile tested in two dif- 
ferent tunnels may yield drag results which' differ by 10%. The magnitude 
of various wall corrections alone can modify the drag by 10%. To maxi- 
mize its usefulness, a data base should be generated at the same model 
scale, in the same tunnel, under the same conditions, and be handled 
using identical data reduction procedures. The relative effects repre- 
sented by the data base should then be sufficiently reliable. Cor- 
relations with road test results can help to establish a confidence 
level for the absolute values. 

With this background in mind, it was determined that the develop- 
ment of an EHV aerodynamic data base should be initiated by performing 
full-scale tests in the Lockheed-Georgia low-speed wind tunnel. A 
Request for Quotation (RFQ) was prepared and sent to 25 possible owners 
or developers of electric or hybrid vehicles asking for the use of a 
vehicle for aerodynamic characterization testing during a specific time 
period. This source list is presented in Appendix A. Nine bids were 
received before the RFQ closing date. Among the selection criteria 
used were 

(1) AAfailability . 

(2) Compatibility with wind tunnel balance system. 

(3) Aerodynamic interest. 

(4) Loan and transportation fees. 

Four vehicles were selected by this process. In addition, three 
electric vehicles were loaned by the NASA's Lewis Research Center. To 
supplement the group, several conventional IG subcompaets were borrowed 
from local dealerships and individuals. In two cases, a facsimile of an 
IC engine/EHV conversion was substituted. The vehicles tested in this 
group are shown in Figure 3 and are listed in Table 1. 
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Table 1. Data Base Vehicles 


Figure 

Vehicle 

Type 

3a 

Copper Development Association: 
Town Car 

2-passenger electric 
commuter 

3b 

General Electric Co,: 
Centennial Electric 

4-passenger electric 
commuter 

3c 

Energy Research and Development 
Corp . : HEVAN 

Hybrid-electric 
delivery van 

3d 

Kaylor Energy Products: Kaylor 

GT 

2-passenger hybrid- 
electric open roadster 

3e 

1 

Seb ring- Vanguard ; Citicar 

2-passenger electric 
commuter 

3f 

Zagato-Elcar Corp.^: Elcar 

2-passenger electric 
commuter 

3g 

Otis Elevator Co.^: Otis 

P 5G0 A Van 

Electric delivery van 

3h 

GM Corp.: 1967 Chevrolet 

Corvette 

Internal combustion 
engine (ICE)^ 

3i 

GM Corp,: 1978 Oldsmobile 

Delta 88 

ICe3 

3j 

American Motors Corp.: 1978 

Paedr Sedan 

ICE 

3k 

American Motors Corp . : Pacer 

Station Wagon 

ICE 

31 

Honda Motors: 1978 Civic Sedan 

ICE 

3ra 

Honda Motors: 1978 Civic Wagon 

ICE 

3n 

Ford Motor Co.: 1978 Fiesta 

ICE 

3o 

Chrysler Corp,; 1978 Plymouth 
Horizon 

ICE 

3p 

GM Corp,: 1978 Chevrolet 

Chevette 

ICE 


loaned by NASA-Lewls Research Center, Cleveland, GH. 

2 

This production IC engine Corvette represented a reasonable facsimile 
of the Cutler-Hammer Electric '67 Corvette of Santini. . The front 
grille was blocked in order to eliminate the radiator losses, which 
are not present in the electric version. 

3 

This production IG engine Delta 88 was a reasonable facsimile of the 
National Motors Hybrid-Electric Gemini II. Here the radiator was not 
blocked since the hybrid vehicle retains its V-6 engine and cooling 
system. 
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The vehicles were mounted on the external balance by means of a 
four-point support system. No attachment was required; the wheels merely 
rested on the four pads with the parking brakes locked. The friction 
between the tires and the pads was normally sufficient to maintain model 
position. In certain cases, chocks were placed behind the tires. 

Because of the extremely short wheelbases of some of these electric 
vehicles, it was necessary to use pad extensions. These raised the 
position of the vehicle in the tunnel by approximately 3 centimeters. 

To quantify the effect of this position change, tests were made using 
spacers with a few of the vehicles that were capable of using the 
unmodified pads. Elevating a vehicle in this manner appeared to increase 
the measured drag by 1-2% over the entire yaw range. 

All tests were performed at 88 kph and the yaw angle (tfi) was 
varied through i 40 degrees. Runs were also made on all vehicles with 
the two front windows open. Some tests of IC engine cars were run with 
radiators both open and blocked. 

The preliminary drag results are shown in Table 2. A complete 
data report on these tests will be issued under separate cover during 
FY 79. However, it is interesting to note that the selected vehicles 
represent a range of zero-yaw drag coefficients from 0.337 to 0.583. 
Further, the highest value (least aerodynamically efficient) of the 
group was the Kaylor open roadster followed closely by the boxey Otis 
van; however, the HEVAN drag coefficient was nearly 15% less at 0.497 
despite its boxey lines. Another interesting result was that the 
Horizon's drag coefficient was over 18% lower than the Chevette's even 
through they are very similar in shape*. Both the Copper Development 
Association's Town Car and General Electric's Centennial have drag 
values significantly lower than the rest of the group — a probable 
result of the importance of aerodynamics in the design theme and sub- 
scale wind tunnel testing. 


The relative drag levels of the cars tested in the Lockheed-Georgla 
wind tunnel must not be taken as typical of all their manufacturer's 
products . 
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Table 2 


. Zero Yaw Drag Coefficient and Frontal Area of * 
Several Electric Hybrid and Subcompact IC 
Engine Vehicles - Windows Closed and Radiators 
Blocked Where Appropriate 


Vehicle 

C 

% 

, 2 
A,m 

CDA Town Car 

0.367 

1.754 

GE Centennial 

0.337 

1.851 

Energy R&D EEVAN 

0.497 

3.283 

Kay lor GT 

0.583 

1.359 

Citicar 

0.541 

1.700 

El car 

0.490 

1.838 

Otis Van 

0.581 

2.593 

Corvette 

0.490 

1.925 

Delta 88 

0.558 

2.077 

Pacer Sedan 

0.450 

2.222 

Pacer Wagon 

0.406 

2.225 

Honda Sedan 

0.503 

1.630 

Honda Wagon 

0.514 

1.685 

Ford Fiesta 

0.468 

1.747 

Plymouth Horizon 

0.411 

1.906 

Chevrolet Chevette 

0.502 

1.765 


All IG engine vehicles had their grilles covered since 
an electric version would not have a radiator airflow 
requirement and the resulting drag. The Oldsmobile 
Delta 88, however, represented the National Motors 
Gemini II parallel hybrid vehicle, which retains the 
standard cooling system, 
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SECTION IV 

ROAD TEST DATA CORRELATION 


Since the vehicle/road interface is not precisely modeled in a wind 
tunnel, there is often speculation concerning the accuracy of the results. 
Actual road test drag determination may he preferred in principle, but it 
is extremely difficult to accomplish in practice; also, it is not practi- 
cal to systematically investigate yaw effects. However, certain single 
point correlations can and should be made. Earlier investigations 
(Reference 3) determined that, for a 1975 Chevrolet Irnpala, there was 
essentially a one-to-one correlation between drag values from wind tunnel 
and properly conducted coast-down test results. It was speculated that 
this result was perhaps fortuitous and may be a function of shape or 
configuration . 

Consequently, in the course of this project, coast-down tests are 
planned for the HEVAN (vehicle No. 3, Table 1), the Kay lor GT (vehicle 
No. 4) and the Cutler-Hammer Electric '67 Corvette (vehicle No. 8 is a 
reasonable facsimile) . Unfortunately, no final results from the coast- 
down testing were available for presentation in this report; these will 
be presented as part of a comprehensive report on this data base testing 
to be issued during FY'79. 
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SECTION V 


SUBSGALE SHAPE PARAMETER INVESTIGATION 


Because of their special battery packaging requirements, electric 
vehicles may not be subject to the same design constraints as conventional 
IC engine vehicles. For instance, owing to the use of a central battery 
tunnel, a small vehicle may be unusually wide or long. A series of tests 
was therefore performed in the GALGIT 10-foot wind tunnel (Caltech) to 
determine if aspect ratio or fineness ratio was an Important aero- 
dynamic parameter, and further, whether one can generalize the effect of 
either or both in combination for simplified automobile shapes. 

These tests were exploratory in nature, to determine what, if any, 
trends would appear. The initial tests Involved both a sharp-edged and 
a round-edged basic model (Figures 4 and 5) , in order to quantify the 
effect of local flow separation on the observed aerodynamic trends. 

The parameters varied were height, length, width, and ground 
clearance; Figure 6 illustrates the model construction technique. Three 
variations were available for each of the four parameters. It was not 
often possible to keep one parameter constant while Independently varying 
each of the others. Figure 7 illustrates the drag trends demonstrated by 
highly separated (sharp-edged model) and highly attached (round-edged 
model) flow situations at low to moderate fineness ratios. As one might 
expect, for very short vehicles, the drag is reduced with increasing 
fineness ratio. This is probably due to a reduction in the form drag 
component (see Section VII) at the expense of a small increase in surface 
friction drag. Owing to local separation points, the drag gradient is 
not as large for the sharp-edged model as for the round-edged, but the 
trend is not significantly different. Subsequent tests involved only the 
round-edged model. 

The effects of ground clearance were found to be significant with 
these smooth-underbody models (see Figure 8) . This also presents a 
problem in data presentation since the manner by which the ground 
clearance is nondimensionalized can distort the effects of aspect and 
fineness ratios. For instance, if the ground clearance is nondimensl- 
onalized by body width and the aspect ratio is varied by changes in body 
width, ground clearance changes with aspect ratio and dominates the whole 
effect. Similarly, ground clearance nondimensionalized by body length 
will dominate the effects of changes in fineness ratio. For these 
reasons, two ground clearance parameters, g/L and g/W, are used when 
evaluating the effects of aspect and fineness ratios, respectively. 


Aspect ratio (AR) is defined as body height (not including ground 
clearance) divided by width, and fineness ratio (FR) as length divided 
by effective diameter (or equivalent area circle) . 
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Figure 7. Drag Coefficient vs. Fineness Ratio for Sharp-Edged 
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Figure 8. Drag vs. Ground Clearance . 
Aspect Ratio = 0.88 



The effect of aspect ratio on drag is shown in Figure 9 at two 
levels of ground clearance representative of present day automobiles 
(g/L = 5%) and vans (g/L = 8%). In both cases, the drag usually increases 
with aspect ratio {short and wide has some advantages over tall and 
narrow), being more pronounced at the highest fineness ratio (longest 
vehicle). For high-ground-clearance vehicles, there seems to be a weak 
aspect ratio effect up to about AR = 0.8; beyond that point, the drag 
increases significantly. This situation may help to explain why the Otis 
van (Figure 3g) with an aspect ratio of 1.1 had a drag coefficient 16% 
higher (Table 2) than the HEVAN (Figure 3c) with an aspect ratio of 0.85. 
Although certain shape and position factors were dissimilar, the rela- 
tive drag difference may be explained in part by the difference in 
aspect ratios. 

The effect of fineness ratio (Figure 10) is a little more con- 
fusing in that the trends with constant aspect ratios are not as inter- 
nally consistent. Note also, that the two ground clearances representing 
"automotive (g/W = 10%) and van-like (g/W = 20%)" are nondimensionalized 
by body width for the reasons explained earlier. In general, the trend 
is consistent with Figure 7 which covered the very low fineness-ratio 
end of the spectrum. However, as the fineness ratio is increased, signi- 
ficant drag reduction ceases and the drag actually begins to Increase 
beyond a fineness ratio of 2.7 at the higher ground clearance. This 
may Indeed be the result of a rapid buildup of the surface friction drag 
component (see Section VII) , which may be magnified in the underbody 
region at high ground clearances. 
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In summary, these results indicate that there are aspect and 
fineness ratio effects on vehicle drag that warrant consideration during 
initial design stages when packaging reciuirements are being developed. 
More data are required to fill the gaps and extend the results. 
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SECTION VI 


EFFECTS OF AMBIENT WINDS 


As a vehicle moves along a roadway, it normally operates in a windy 
environment. Since the resulting wind vector is usually not aligned 
with the vehicle's longitudinal axis, it is effectively yawed with re- 
spect to the. flow. Therefore, range predictions that use zero-yaw drag 
values will inaccurately characterize the aerodynamic contribution. 

For a vehicle operating over a prescribed driving cycle, a statistically 
modeled vjlnd vector can be superimposed, yielding an instanta.neous yaw 
angle. If the functio"'al dependence of drag coefficient on yaw angle is 
the effective instantaneous aerodynamic resistance can be calcu- 
lated, and the effective drag coefficient factor over the cycle can be 
established. That is, the constant-drag coefficient used in vehicle 
computer simulators need only be modified by this factor to rigorou.sly 
account for the effects of statistical ambient winds. 

Initially, this procedure was developed around the EFA urban and 
highway cycle.s For IC engine vehicles (References 4, 5, and 6). Since 
then, cycles specifically for EMV evaluation (SAE .J227a), have been 
developed, and the procedure has been modified for electrics. This 
modified program is called EHVSCD (Mectric llybrid V^ehicle _^stem ^ _D 
where ^ D refers to the aerodynamic drag coefficient, • This program 
is shorn in its entirety in Appendix B along with a printout for an 
example case- 

The approach taken is to figuratively drive a vehicle over a pre- 
scribed Velocity-time scliedule in the presence of a statistically 
varying wind which is equally probable from any direction. The resul- 
tant combination of the vehicle and wind vectors yields an instantaneous 
yaw angle with respect to the vehicle. If the vehicle's drag-yaw 
characteristic is known, the resultant drag may be determined at each 
instant. Therefore, the energy required to overcome aerodynamic resis- 
tance Is calculated by integrating the Instantaneous aerodynamic power 
required over the cycle. It is then possible to determine what constant 
drag coefficient would be necesrary in order to yield the same result. 
The ratio of this new effective coefficient, to the original 

zero-yaw drag coefficient (CUq) is the wind-weighting factor, F. 

F is thus a multiplier to correct the zero-yaw coefficient for ambient 
winds in computer simulations. 

Factors have been developed f.rr the SAE J227a B, C, and D cycles 
(Figure 11) , two annual mean wind speed (AMF-JS) probability functions 
(Figure 12), and three drag-coefficient vs. yaw-angle characteristic 
curves (Figure 13) . Reference 6 determined that the shape of these yaw 
curves beyond about 40 degrees was of second-order importance. The drag 
coefficient usually reaches a maximum between 20 and 40 degrees and, for 
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Figure 13. Aerodynamic Drag Coefficient as a Function of Yaw Angle 
(Faranietrlc Variations Used in the Analysis) 

simplicity, the three curves are characterized by their ratios of 

C|)n where Cn occurs at ii» = 30 degrees. The two upper curves show a 

50Z increase in Cq at tji = 30 degrees from zero-yaw levels of Cdq = 0.4 

and 0.3; the lower curve represents a much more conservative 20^ increase 
from C =0.3* 

0 

The wind-weighting factors resulting from variations In these par- 
ameters are shown in Table 3, Note that a zero-yaw drag coefficient 
must be Increased by as much as 65% (wind -weigh ting factor = 1.65) to 
properly simulate a B cycle in the presence of a 16.1 kph annual mean 
wind speed.** Similarly, the factor is only 1,2 for the D cycle; the 
average vehicle speed is much higher and therefore the resulting 
effects on yaw angle and relative wind speed are lower. 

Clearly, accounting for the realistic presence of winds can signi- 
ficantly alter the aerodynamic input values in computer simulators. 

These rigorous procedures require a significant amount of contputer time. 

A close review of the results, however, has revealed some general rela- 
tionships which make simpler, closed form equations adequate In most 
cases. These equations and the procedure for easily Incorporating this 
cycle-sensitive wind weighting method appears in Appendix C. 


ratios from 1.2 
fineness ratio 

vehicles and windows open configurations, 

**This is the annual average wind speed in the U.S. measured at about 
10 meters above the ground (Reference 1). Correcting for the ground 
boundary layer, a value of 12 kph is more suitable for automobile 
evaluations. 


*The vehicles listed in Section 111 had 
to 1.80. The higher values were typical or high 
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Table 3. Wind-Weighting Factors of Example Cases* 


Cycle 

(J227a) 

Anntial Mean 
Wind Speed 
kph 

Drag-Yaw 

Characteristic 

max 

0 max 0 

Wind-Weighting 

Factor 

£ 

1 

9.7 

0.30 

1 

0.36 

1 

1.2 

1 

1.22 



16.1 

i 

1 

1 

1.46 



9.7 

0.30 

1 

0.45 

1 

1.5 

t 

1.33 



16.1 

1 

1 

1 

1.65 



9.7 

0.40 

1 

0.60 

1 

1.5 

1 

1.33 



16.1 

1 

1 

1 

1.65 

( 

> 

9.7 

0.30 

0.36 

1 

L.2 

1.11 



16.1 

1 

1 

1 

1.25 



9.7 

0.30 

1 

0.45 

1 

1.5 

1 

1.17 



« X 

1 

1 

1 

1.37 



9.7 

0^40 

1 

0.60 

1 

1.5 

1 

1.17 



16.1 

1 

1 

1 

1.37 

] 

D 

9.7 

0,30 

1 

0,36 

1 

1.2 

1 

1.05 



16.1 

i 

1 

1 

1.12 



9.7 

0.30 

0.45 

1 

1.5 

1 

1.08 



16.1 

1 

i 

i 

1.20 



9.7 

0.40 

0.60 

1 

1.5 

1 

1.08 



16.1 

1 

1 

1 

1.20 


*See Appendix C for generalized equations . 
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The final effeet of these drag coefficient wind-weighting factors 
on the total energy consumed by a vehicle over the cycle is obviously a 
function of the cycle. For Instance, even though aerodynamic wind- 
weighting factors are large for a B cycle, the. effect upon the total 
cycle energy is small because the aerodynaraie component is small. 
Typically, wind weighting is more important over a D cycle even though 
F (the Cjj correction factor) is smaller. That is, an aerodjTiamic wind- 
weighting factor of 1.2 (20% increase in aerodynamic resistance) may 
result in a total energy increase of up to 10%. 
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SECTION VII 


GENERAL AERODYNAMIC DESIGN PRINCIPLES 


The purpose of this section Is to compile ^lerodynamic design guide- 
lines which may be useful to EHV engineers. Though not intended to 
replace wind tunnel testing as a design optimization tool, these prin- 
ciples and procedures can provide the necessary insight to avoid certain 
elementary pitfalls. 

Automotive aerodynamics is characterized by ground interference and 
large areas of separated and vortex flow. Unlike aircraft aerodynamics, 
it is largely unresponsive to classical analytical treatment. It has 
therefore become a rather empirical science, relying heavily on devel- 
opment through wind tunnel test techniques. 

Although many of the principles involved in low-drag designs have 
long been known, the drag coefficient of the average production car in 
the early 1920s was about 0.8. By 1940 it had dropped to about 0.6 and 
by 1960 to about 0.5. Further Improvement has come slowly, especially 
in this country, and the average drag coefficient of domestic automobiles 
has actually increased slightly in recent years with the trend toward 
more form.il styling with less rounding of edges. Most recently, however, 
the pressures brought by federally mandated fuel economy requirements 
have sparked renewed interest in reducing aerodynamic losses. In Europe, 
the current average production car drag coefficient is somewhat lower, 
about 0.46. Drag coefficients as low as 0.15 were reported as early as 
1922 by W. Klemperer (Reference 7) on an elongated teardrop automobile 
model. A. Morelli in 1976 (Reference 8) developed (In full-scale mock-up) 
body shape encompassing a reasonable four-passenger . compartment and 
engine cooling airflow with a drag coefficient of 0.172. Daimler-Benz 
recently unveiled the new experimental Mercedes C-lll/3, a turbodiesel 
which set several speed records and is reported to have a drag coefficient 
of 0.195 (Reference 9). Perhaps the lowest recorded drag coefficient for 
a real ground vehicle is 0.12 for the Goldenrod, which holds the land 
speed record for wheel-driven vehicles (Reference 10). It appears, then, 
that there exists a rather large gap between the drag level of today's 
automobile and what is theoretically possible as demonstrated by some of 
these very specialized vehicles. Obviously, there arc many practical 
constraints on production automobiles which compromise efforts to achieve 
low drag levels. However, the hope of eventually cutting present-day 
production car drag levels nearly in half may not be completely unrealistic. 


A. SOURCES OF DRAG 


The actual mechanisms of automotive drag production are not at all 
well understood. Reference 11 and others break down the sources of drag 
into five basic categories; (1) form drag, (2) interference drag, 

(3) internal flow drag, (4) surface friction drag, and (5) induced drag. 
A simple schematic depicting their relative Importance for an IC engine 
car is recreated in Figure 14, 
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Figure 14. Distribution of 1C Engine Vehicle 
Aerodynamic Drag (Reference 11) 


Form drag (sometimes called profile drag) is a function of the 
basic body shape. Bodies which minimize the positive pressure on the 
nose and the negative pressure on the tail will exhibit lower form drag. 
For example, a f].at plate positioned normal to the flow would represent 
a worst case, wtiereas a streamlined teardrop shape would be characteri- 
stic of minimum form drag. 

Interference drag develops as the flow over the many exterior 
components of a vehicle body interacts with the flow over the basic 
shape or the flow due to the constraining Influence of the ground. 

Various component projections such as a hood ornament, windshield 
wiper, radio antenna, sidevlew mirrors, door handles, luggage rack, 
rain gutters, and underbody protuberances all contribute to the inter- 
ference drag component. For example, (Reference 11), a sidevlew 
mirror in a free airstream may have a drag force of 1 pound. In close 
proximity to the vehicle body, where the local airflow is accelerated 
by 25-30%, the drag on the mirror may be 1.6 pounds — a 60% increase! 
Since a sideview mirror usually has a large flat aft end , it spreads 
a turbulent wake behind it which disturbs the basic flow on the side 
of the vehicle, adding a further drag increment. Projecting elements 
usually cause less interference on high-drag body shapes than on low- 
drag bodies. Since a high-drag body is usually characterized by exten- 
sive regions of separated flow, many of these elements are hidden in the 
already disturbed flow pattern. Conversely, the low drag of an efficient 
body is the result of a high degree of flow attachment. That condition 
is usually tenuous and any projection from the surface may cause separa- 
tion. The underbody projection.? aro ''-ome of the prime offenders as the 


Installation of a smo&th belly pan has demonstrated many times 
(Reference 3). In the case of electric vehicles the traditional reasons 
for not using a smooth belly pan — such as ease of maintenance, safety 
(oil drippings, etc.), and engine cooling restrictions — do not apply. 

Internal flow drag arises because air is required to move through 
the vehicle as well as around it. A conventional water-cooled IG engine 
requires a substantial amount of radiator airflow. Typically, the flow 
path is highly inefficient as local stagnation areas develop in the 
engine compartment and the exit path is filled with struts, hoses, 
brackets, and suspension elements. Here again, an electric vehicle may 
have an inherent advantage since its cooling requirement may be an order 
of magnitude less. However, ventilation of the passenger compartment is 
an important comfort and noise consideration, and care must be taken to 
design and locate the inlets and exits properly. The conventional 
approach is to place a flush inlet in a relatively high pressure region 
(usually at the base of the windshield) and either place exits in a low 
pressure region around the rear window or rely on normal body leaks . 
Unless a scoop is placed out in the flow (in which case there is an 
interference drag component) , the drag Increment due to normal ventila- 
tion requirements is negligible. 

Surface friction drag results from the boundary layer which is 
formed as air moves along a surface. Owing to viscous friction forces, 
the velocity gradient norvial to the surface gives rise to a shear layer. 
The surface finish or small imperfections, and the size of the area 
exposed to the flow, determine the level of this drag component. Pro- 
duction car finishes (surface grain size of 0.2 to 0.5 mils) are well 
below the critical level where additional smoothness would reduce the 
local friction. A smooth, epntinuous surface keeps skin friction low. 

As the flow moves rearward along a body It continually loses enargy 
and separation is more likely to occur in critical areas. Window frames, 
gaps, mismatched parts, and normal skin friction all contribute to cause 
a rapid buildup of the boundary layer, leading to separation and more 
turbulence and increasing drag. 

Induced drag arises from the formation of longitudinal trailing 
vortices generated by the pressure differential between the vehicle’s 
underbody and roof. The energy required to generate and support this 
vortex field is equivalent to the energy consumed by induced drag. 

Often termed "lift^induced" drag or drag due to lift, there is now real 
doubt that any simple relationship between lift and induced drag exists 
(Reference 12). It can normally be minimized by careful attention to 
design detail on the rear portions of the vehicle, but this usually 
requires an experimental approach, 

B. DRAG ESTIMATION METHODS 


Many aerodynamicists have attempted to make generalizations or 
predictions of a vehicle's drag based on various shape characteristics 
(References 13, 14, 15, and 16). The usual method is to assemble a 
large data base and develop correlations. Perhaps the best known 
effort is that of R.G.S. White (Reference 13) of Britain's Motor 


29 



Industry Research Assoelatlon (MIRA) , Wind tunnel tests of 141 different 
vehicles were utilized. Each vehicle was divided into six basic zones, 
three of which were further subdivided. Numbers were assigned to 
features in each zone or subzone in an attempt to rate their obstructive 
effects on the airflow around the vehicle. 

Rating values were assigned to each of the nine categories depending 
upon the vehicle's shape in those zones. The predicted drag coefficient 
was then determined from the following equation: 


Cjj 0.16 + 0.0095 X Drag Rating 

where the Drag Rating is simply the summation of the nine individual 
category ratings . 

By way of verification, drag estimates for 20 vehicles (mainly 
European) were made by White using this procedure, and were then compared 
to measured values. The average scatter was about 7%. It should be 
pointed out that the drag of these vehicles was not particularly low, 
and that White's procedure would not necessarily reflect the subtleties 
inherent in drag-optimized vehicles. Another cautionary note is that 
measured MIRA drag values are substantially lower than similar measure- 
ments made in other wind tunnels. The real value of this effort Is the 
relative ordering of the aerodynamic design consequences of several shape 
parameters . 

A second, and less rigorous "drag rating" approach to drag estimates 
is presented in Reference 14 (Gornish) . Ten regions are defined and a 
rating of from 1 to 3 is assigned. On this basis, the most streamlined 
vehicle would have a rating (R) of 30 and the worst, a rating of 10. 

The resulting drag coeffici^t is then calculated from 

= 0.62 - 0.01 R 

This procedure is rather crude and although no direct correlation with 
measured data is given, its accuracy is probably far less than the 7 % 
reported for White's method. 


Both of the two previous procedures are based upon shape correlation 
curves which are linear with the drag rating and are limited to conven- 
tional passenger vehicle configurations. A third estimation procedure, 
developed for the EPA (Pershing - Reference 15) , is a "drag buildup" 
method based on quantitative geometric charaeteristies applicable to a 
large range of generic body shapes. The total vehicle drag coefficient 
is defined as the sum of the coefficients of 11 discrete parts. 
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Only a few simple validation cheeks have been made, since a large 
data base was unavailable at the time of publication. Therefore, no 
accuracy claims were made. The EPA is currently sponsoring a data 'base 
development which will be used to tune and expand these procedures , make 
validation checks, and establish confidence levels. 

Excerpts from References 13, 14, and 15 appear in Appendix D in 
sufficient detail to allow use of the procedures they describe. 

Though not fully developed. Reference 12 (Hucho) suggests that drag 
may correlate well with a parameter, K, which is the line integral of 
the rate of change of curvature, k, of the body surface contour. Por 
simplicity, the integral is taken for the centerline cross-section only. 
Applied to the entire body surface, even better correlation is expected. 
For a streamlined body, the rate of change of curvature along its con- 
tour is only moderate. If there are no abrupt changes in curvature, the 
contour parameter, K, is small. Notchback cars, on the other hand, are 
characterized by several steep curvature gradients, giving rise to a 
large value of K. It is pointed out, however, that for low drag, a small 
value of K is a necessary but not sufficient condition. This approach 
represents a much less subjective means of evaluating a vehicle body 
shape for drag estimates. 


General rule-of-thumb values liave been given to many interference 
components and drag reduction devices. These are helpful only in the 
broadest sense; that is, most effects are a function of the specific 
application. For instance, a front air dam (or chin spoiler) might 
significantly reduce the drag for one vehicle but increase it for 
another. Similarly, some low-drag device may be detrimental at a yaw 
angle. Such dramatic results, however, are generally reserved for 
special cases. If one limits the application to an "average, conven- 
tional sedan," perhaps the generalizations in Table 4 can provide some 
guidelines. The increments should not be considered as purely additive; 
this is particularly obvious in the case of an underpan and air dam. 

The three estimating procedures and component generalizations all 
assume that the vehicle is traveling in a zero-wind environment. 
Statistically, as discussed above, a 5 to 10 mph wind is always present; 
the vehicle is therefore always operating at some significant angle of 
yaw (see Section VI). A knowledge of the specific yaw characteristics 
generated in the wind tunnel is necessary in order to be rigorous. 
However, a general equation describing the approximate shape of the 
Cj 5 versus yaw angle (i/;) has been developed by Bowman (Reference 16) . 

Once the zero-yaw drag coefficient (Oqq) has been estimated, the yaw 
curve may be calculated from: 

G = C + K. (1-CGS 6ij;) 

0 ^ 

Where the constant, K.^, is a function of the relationship is 

included as part of Appendix D (Table D-4). The yaw characteristic 
thus developed, the ratio can be determined and the effective 

wind-weighted drag coefficient calculated from the procedures of 
Section VI and Appendix C. 
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Table 4, Drag Increment Generalizations 


Component or Gonflguration 

A ( 

Cpi 

(%) 

Reference 

Full length underpan 

-5 

to 

-15 

3,17,18,19 

Front "chin" spoiler (air dam) 


to 

-9 

3,20,21 

Rear deck spoiler (lip) 

-5 

to 

-9 

3,18,20,21 

Flush windshield and side 
glass (no ralngutters) 

-3 

to 

-7 

19,22 

Wheel discs and rear fender skirts 

-1 

to 

-2 

21 

Sldeview mirror 

+1 

to 

+3 

11,19,22 

Pop-up headlights 

+3 

to 

+6 

19 

Open front windows 

0 

to 

+3 

3,17 


Although these estimating procedures and component generalizations 
can provide guidance toward the development of a low-drag vehicle, it 
should be emphasized that design optimization can be accomplished only 
through development work with a wind tunnel. One can follow all the 
"rules" suggested by these procedures and still fall far short of the 
vehicle's ultimate potential. The integration and interaGtion of 
various components can present many surprises. Reference 12 points 
out that after separating current passenger vehicles into three 
classes (notchbacks, hatchbacks, and fastbacks) , the centerline profiles 
group around an extremely narrow band; however, the corresponding drag 
coefficients vary by over 40%. Of course the centerline profile does 
not define the entire vehicle and the flow is highly three dimensional, 
but this suggests that drag differences are probably the result of 
subtle differences which cannot all be considered by estimation pro- 
cedures. A case for optimizing subtle details is made in Reference 19 
with respect to the General Electric Phase II Electric Vehicle which is 
being built under contract to the Department of Energy.* Low drag was 
a major design goal and much effort was directed to that end. However, 
subsequent subscale wind tunnel development employing only minor cos- 
metic alterations to the basic design, resulted in a further 25% reduc- 
tion in the drag coefficient. 


^Chrysler Corporation is the subcontractor responsible for body design. 
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The inherent subtleties and resulting benefits surrounding wind 
tunnel optimization procedures are well documented in Reference 23. A 
step-by-step paper approach to designing a highly efficient, low drag 
vehicle is not currently within the state-of-the-art. More specifically, 
a vehicle's aerodynamic efficiency will be a function of its design 
approach. For any particular design theme, there is a limit (even for 
experienced aerodynamicists) to the aerodynamic efficiency resulting 
from paper designs. Improvements beyond that point are usually a matter 
o f chance . 

Properly conducted subscale developmental testing is a valuable 
refinement tool and can often reduce the drag level of a "good-looking" 
paper design by as much as 25%v- This is usually accomplisbed merely by 
cleaning up areas of flow separation exposed by tuft studies. Though a 
valuable tool for evaluating relative effects , the absolute values 
recorded during subscale testing are rarely substantiated by the full- 
scale vehicle. Reference 24, for example, reports =0.30 from sub- 
scale tests on the Copper Development Association Town Car. Full-scale 
results, reported in Section III, found to be 0.367, a 22% difference. 
Similarly, wind tunnel tests of a 1975 Ford Mustang II 40% scale model 
and the production vehicle resulted in respective drag coefficients of 
0.47 and 0.53, a 12% difference. This noncorrelation is probably due 
to scale fidelity and local Reynolds number effects (flow separation). 
Full-scale wind tunnel testing can alleviate those two problems and 
further refine certain subtleties. 
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APPENDIX A 


EHV SOURCE LIST 


A Request for Quotation was sent to the following possible owners 
or developers of electric or hybrid vehicles asking for the use of a 
vehicle for aerodynamic characterization testing. 


1. AIL Division of Gutler-Hammer 
Transportation System Division 
Farmingdale, NY 11735 

2. Anderson Power Products 
145 Newton Street 
Brighton, MA 02135 

3. Copper Development Association 

Attn: Mr. Don Miner, Manager 

430 N, Woodward Avenue 
Birmingham, MI 48011 

4. Elcar Corporation 

Attn: Leon Shaimasarian, Pres. 

2118 Bypass Road 
P. 0. Box 937 
Elkhart, IN 46514 

5. Elec- Traction 
Heybridge Basin, 

Maldon, Essex 
England 

6. Electra-Van 

A Division of Jet Industries 
Attn: William Bales, Pres. 

2503- Edgewater Drive 
Austin, XX 78746 

7. Electric Vehicle Engineering 
Attn; Wayne Goldman, Pres. 

P. 0, Box 1 

Lexington, MA 02173 

8. Energy Research & Development 
Corp . 

Attn: Robert Childs, Pres. 

9135 Fernwood Drive 
Olmsted Falls, Ohio 44138 


9. ESB, Inc. 

Attn: -Jim Norberg 

P. 0. Box 8109 " 

Philadelphia, PA 19109 

10 . Exxon Enterprises 
Electric Power Conversion 
Systems Project 

Attn: R. L. Ricci 

P. 0. Box 192 
Florham Park, NY 07932 

11. Fiat 

Attn: G. Brusaglino 

10 Corso Marconi 
Turin, Italy 

12. General Electric Co. 

Corporate Research & Development 
Attn: Robert Guess 

Bldg. 37 Rm. 2083 
One River Road 
Schenectady, NY 12301 

13. General Motors Technical Center 
General Motors Transportation 
Systems Division 

Attn: S, Romano, Mgr., 

Systems Applications 
Warren, MI 48090 

14. Globe Union, Inc. 

Globe Battery Division 
Attn; Mr. Vicent Hasall 
5757 North Green Bay Avenue 
Milwaukee, WI 53201 

15. Kay lor Energy Products 

Attn: Roy Kaylor, Pres. 

1918 Minelto Avenue 
Menlo Park, CA 94025 


A-1 



16. 


21 . 


17. 


18. 


19. 


20 . 


Dr, H. D. Kesling 
TP Laboratories 
P. 0. Box 73 
La Porte, IN 46350 

22 . 

Lucas Industries Limited 
Great King Street 
Birmingham, B192 XP 
England 

23. 

Marathon Electric Vehicles 
A Dlv. of Marathon Golf Car Ltd. 
8305 Le Creusot Street 
Montreal, Quebec HIP 2A2 

24. 

McKee Engineering Corporation 
Attn: Robert McKee, Pres. 

411 West Colfax 

Palatine, IL 60067 25. 

(312) 358-6773 

Minicars , Inc . 

Attn: Donald Wahl 

35 La Patera Lane 
Goleta, CA 93017 


Wally E. Rippel 

700 W. Sierra Madre Blvd., Apt. 29 
Sierra Madre, CA 91024 

Paul R. Shipps 
3 E. Vehicles 
P. 0. Box 19409 
San Diego, CA 92119 

Structural Plastics, Inc. 

Attn: William Gillespie, Pres. 

1133 S. 120th East Avenue 
Tulsa, OK 74128 

Titan, Inc. 

P. 0. Box 912 
Temple City, CA 91780 

University of British Columbia 
Depart, of Mechanical Engineering 
Attn; Dohzosav Ratajac 
Vancouver, B.C. 
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APPENDIX B 


WIND-WEIGHTING PROGRAM (EHVSCD) : 

(1) SOURCE LISTING, (2) EXAMPLE RESULTS 
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(t»iw r»T>tiN, JB, JET PBOPULSIOK L»B BiT tBT* 

EHVSCO 

PBOSBiH TO OETEBPINE Tiif EEfECT OE 
8T*TI8TtC*L PIMDS UPON THE 
*EProTN*nie PFSTSTANCE *H0 EHCP6Y BfOUlPEHEHTS OF 
ELECTRIC HYBRIO YEM1CLE8 
P18E0 OH THE 8iE*J2iT« OPIVIWO CTCLER 


S»>E nPTYINS cycles T* 9 UL*TTaN IN ICCELfPFTION FOR E»CM SECOHO 
OihfnSIOn DYOTCaT) • Slf B OPTYIng fYCLE 

HIT* tnwriTdl.lPl.aTl / • S*E 8 DRlVlNS CYCLE 

• 1,50.1.80.1,50.1 ,50«l.ao 1 1.50 1 1,20,1. 10. l,i)S< I .on. 

• a.95.0.RU.U.»5.0.Bfl>n,T5(:O.TO.o.P5.n.00.0.55> 

■ o.otfl.a.o.o.o.o.o.o.o.o.o.o.o.o.o.o.n.a.o.o>o.o.o.n>o.a.o.n.a.o. 

Y o.OrO.o. 0.0. o.ntO,o.o*o.D«o.o.OfO*o. 0*0. 0.0.0* 0. 

• / 

OT“FH*tnN ovniroTi • s*e d opiving cycle 

OFT* tDYftItHl.NPl.PTJ / • s*£ 0 DRIYING CYCLE 

Y 2 . 0 . 2 , 0 * 2 * 0 . 2 , ( 1 . 2 . 0 . 2 . 0 . 2 . 0 . 2 . 0 . 2 . 0 . 2 . 0 * 2 . 0 . 2 . 0 * 2 * 0 . 2 , 0 .* 

Y ).«• i.p.l.T.i.o.f . 5 .i.a.i. 5 .i. 2 ti .i.i.Oiu.p.o.e.o.p.o.u. 

• o.u. 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 tC.n.o.otO.D. 0 * 0 * 0 . 0 . o.o.n.o. 0 . 0 * 0 . 0 . o.Ot 

• o.o.u.oio.p.n.n.o.o.o.ofo. 0.0. 0*0. 0*0. 0.0 *0.0. (1.0. 0 . 0 . 0 . 0 * 0.0.0* 

• 0*0.11. 0.0, o.o.ofo.o.o.oto.o* 0*0. o,o.o.o.o.o..o.n.p. 0.0. o.o*D*if*Ot 

• 0.0*0. 0.0, 0*0, 0.0.0. 0.0*0. 0.0*0. 0*0.0 .o* o. o.o.o • n. o . o .o .o.o* o.o . 

■ 0.0,0, 0.0. n.o.c.o.D. 
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IHI5C21 PnoT OF velocity pop HOTOP efficiency FFCTOP 
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IHISCai POTFTIONFL INEPTIF Hf88 PfCTOP (8ETF) 

0 FOP VFPTFSlE nITH SPEED • l.P, l.2t t.l* 1.035 tSEFFULT) 

1 FOR CONSTFnT ft 1.035 

IHISC5I OYEHFLL efficiency FFCTOR FOR POifER PEBENE»FTI0N fPEPtENT) 
t HI scot NOT FBareNEO 
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PkRNXImO.O 

00 100 I 0 I 1 I 17 ■ PIUFDIIM COMPUT*TI0N PO^ SPt B CrCLJ 

iP(I.fiT.lP) 0VDTiIJ»0.0 • C0N8T**IT SPEED 0U»tN8 CBUHE 

lPd.ST.S8i 0VcT(I)*-3a.lii»C*ER0P*RBp)yfP«8CT**F> P OtCEL DORINE C08ST 
ipd.sTcPpj DvormiBPpoEc 

V«v»OVOT(T) • IMTESR*TE OV/OT TO BET VEHICLE SPEED 

lPd.E3.op) bR«OEC»-VFS.O • OECELESoTIOM HeCESSORV to stop 

IPCVEL.OT.V) VEL»V P lOENTTPT VELOCITY tEND OF CYCLE 

tPfV.LT.0,01 VoO.O • ELIHINOTE possibility of roundoff error 

PpVYF/SSO. f CONVERSION FiCTOR TO HP 

*tt»INO[JlFSINtPHI/RO) P C»LCULOTE CROSS'YINO C0“P0NENT 

Y»NIND(JJ»COStPHr/RD) • C*LCULFTE P*R*LLEL “INO GOHPONENT 

VRPS0RTt«»*E*(VYY1»P2J P CtLCULPTE REL*TIVE hinO TO VEHrCLt 

YthPHnpiT*N(x/(v*Y*o.o5on ) p c<lcul»te instpntineous hind YIN *nole 

iFtYFp.LT.O.O) YOBiieO .04Y1P p NES Y4i INDTCItES POS TtlL-NlNO oirecti 

VOUISYPV+Y 

IF(PNl,eO.(BO.0.*ND.V»LUSY.LT,(i.Cl) Yt-PIBO.I) 

iFtlHlSCJ.EO.iOIE) COP 0.30*0. 000 Jpt 1NPPR*0. 0000 nouoouPYlNPPl sou-1 

rFtr**isci.EO,sou.*NO,v*p.GT.iJo.o) copo.sssp-o.tisapiypn-iio.) /ro. sniE-a 
iFtTdSci.Eo.SiMS) copo.soto.onospypt.ppz.'fl .000011 1 iPYi-pps soi!-i 

rFtI“rSCI.E 0 . 10 lS.lNO,YiW.OT.ao..n) CO*0.18R-0 .TSRp(t*N-so.01/RO,0 3015-E 

IFflHISCi.EB.POlSl COPO.«O*O.0ol333PYlNPP?-O,noOo2R»PYi-PPS NO 1 5-1 

lF[THISCJ,EB.«OtS.*NO,YPN.CT.NO.n) CDpO. bp-1 . ie«( T **-«0 .0 URO .0 UOlS-2 
JFtYPB.GT, 130.0) COP-0. RO ILL 

CrHF»OPFLO*TtI-TSClX100)/l(]0.0 • lERO-T**' CO 

IFtJ.FO.d] CDPC0IEROP(0,6»0.05PFL0*T£*-l ) 1 » for VpRtOuS CONST»nt CD'S 

lF(J.t3,l«) VB,v p FOR co/con vlRliTTON USE VEHICLE SPEED 

P*opFP0,5PRNnp*PCnPVRP<EPF»»i: » perdoynihic DR»G force 

ROP»r*-£LTDDP*asr»EB0Fl)P(C0*ClPv*C?PVPV«CiPV«P3) • BOLL RESIST FORCE 
PET»Pl.a p L0« GE*R ENGINE SOT»TIDN»L InERTH 

IFCV,GT,I0.nj BET* PI. 2 p SECOND GE*o ENGINE ROTpTlONlL INERTI* 

IFtV.GT.EO.O) B£Tt Pl.t P high GEPR ENGINE ROTITIONIl INERTl* 

iMovDTrn.iT.0.1) bet*pi,035 • ho engine hot in'erti* for COESTIng 

IF(T“ISCR.F0.1) 8E7PP1.03S p pSSUHE CONSTENT INERTIE -eSS 

OVDTF*HP0ET**nvrT(Il*F/32.1B • eCCELERE TTON- FORCE 

■ ROOTpI , 0/FLOST{t“TSCJ) • ROOT Fa* HOTOR efficiency FECTOR 

■FVELPi.oF{o,i*a.«pfv/Bo.O)p*Rnon • -otph efficiency fector 

IFn-IStl.EG.I) pFVELpi.o p SET ENGINE "IP "T FECTOR TO UNITY 
epROHPpe£»Cifprphfvei. p ho Tp oveRCOhe ifRO OR*G 

POhBpRRE*PP-FVEL p HP To OVERCOHE ROLL RFS 

ECCHPP(TH0EPV*V*THRE£'OPt-/ll000.0)p-FvEL » “o To QPERETE ECEESSORIIS 
DVDTMPPDvnTFPBPHFVEL P HP To eCCELERETE VEHICLE 

erOpeEBOHO*orhp«OVOTHP • S'.f““ETlON OF RO*D LOEOS EXCEPT ECCESSOR 

»fCENPo.ni*FLOET(iHisc53 p regeneretTve brexing Fector 

IF(ERO.GE.O.O) TOTHPPl.lPEROtECCHp P total ho REq.D— O.R «"IS eff 

IFfERD.LT, 0,0) TDT«PpReGEN*ERD/"FVEL*ECCHO# REGENEReTION OF PO«£R 
HPSECOHPSEC-TOTHPPO.OOOIOTI P TOTAL ENERGY REOUlREO 

IFtnvDTfD.GE.o.O) TEBOHPPI .IPeEROHR p TOTAL *E«0 »OP£R REGIT 

emBSECpehosEC*TeR0HPp0,0002071 p SUh UO iERO ENERGY IN K-H 
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irti.EO.au) ovotvvpdvdt ( I) 
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0052? 

2n9* 

00523 

210* 

00S2« 

211* 

flflST.-'. 

212* 

0053? 

211* 

005*33 

21R* 

00536 

215* 

00557 

218* 

OOStil 

217* 

0QSa3 

216* 

00503 

219* 

00535 

220* 


209 

100 


IF(I.EQ.I) *P>iat« 0.Til6*T*»0HP 
irn.Eo.u) APPBU* o.rs»»T*PoMp 
rptl.es.fl) tPPBfp O.T<J6*TiROrtP 
lP[!.Ee. l#!*PPBHI«0.7»6»T*S0HP 
iPtl ,E0.1*)*PPB<9»0 .7S6»T»HBHP 
I'F(I.eO.21)iPPBJ|P0.7a4*T»PO(iP 
IF(I.SE.I) BxPBl* B.7 <i 4»TOTPP 
IFd.EQ.ul BxPSii* 0.7 oA* 707HP 
IFtr.EO.fl) BPPBPP 0.7«P*TQTHP 
7M I.EO. toJPxBBI u»0,rPi*TOT«P ■ 
If <I.Ea.1P)PxBB! P«0.7<li»TOtHP 
If(I .£0,21 )PJRS21»a,7S6»70TWP 
inTRP»pT0TMP»0.7«» 



P0«£0 

TO 

DVERCOHE 

ACPO 

RES PT 1 8EC 


POMEQ 

TO 

dvercdhe 

AfPO 

RES PT a SEC 


PO.-ER 

TP 

OVEPCOHC 

AKRO 

RES PT 9 SEC 


POkEft 

TO 

DVERCOHE 

AERO 

RES PT ISBEC 


POMER 

TO 

OVERCO“E 

acrq 

RES PT 19SEC 


'PQpfEfl 

TO 

DVERCOHE 

AERO 

RES PT 21 SEC 


TOTAL 

KH 

IT TIHE* 

1 arc 

FOR CYCLE B 


TOTAL 


PT TThc* 

3 SEC 

FOR CYCLE B 


TOTAL 

XkR 

IT TIHE* 

p SEC 

FOR CYCLE B 


TOTAL 

KN 

IT TIHEPIO sec 

FOR CYCLE B 


total 

H-m 

IT TI“E*19 SEC 

FOR cycle B 


total 


IT TIHFP21 SEC 

FDR CYCLE B 


C0»JVEPT HP TO Hm 




T.TOTMPXJ 
If {PwR-fH.EO.TOTHpK) 
pr»j.nnsP2ii 
continue 

VtNOpPVFL 

OISTBpS 

tEBRUf J.HfiHPSEC/S 
TOTLUrjiK)*HPS£C/S 


PBpNi*g»TOTHPif * OfTEPNINE “*.ii POxES USED 

TP“*HB»ELD*Tn) • determine TI^E *T p*x PwR 


p VELOCITT IT end of CTCLE rZESOl 
p OISTINCE TRIVELEO OUHI'tS 3IE B CYCLE 
• C*LCUL*TE fVG RR" PER “ILE FOR *ERO «ES 
P CFLCULITE *VG TOTPL R"R bEB RILE 


SpO.U 


VpH.b 

VELpS.O 

V“1Y0p0.0 


hbseCpO.O 
iMPsecpo.o 
PiiNRtOPP .(1 
00 tOl Wpl.OT 
rp(“.GT.29) OVt)Z(H)PD.O 
IflR.ST.TRI OVoZtRlP-JE.lRPC 


P SERFORR CFLCULlTIDN FOB SIE D CYCLE 

p constint spffo during cruise 

*£ROF*SRF)/(R«flET*PE) * DECEL DURING COiST 


lFfP.GE.S9) OVDZfRJPBRFOEC 
DpV*0VD7CP) 

IFlP.ED.SS) aB<t)EC»-V/R.O 
IffRFL.GT.V) veL*V 
lFfV.LT. a. O' vpd.o 
PpVPF/550. 

Fp-IVDf JlPSIS tPHI/RO) 

Tp"l«|jf J)PC0S[P-II/RD) 
VRPSGBTf «pp?+ ( v*l') PPi) 
YlRpBO*»TlNtX/(V*Y*l>.0D01 ) ) 

I F ( Y *u . I, T . 0 . 0 1 Y p 1 80 . D ♦ Y 1 w 
VPLMSYpV*Y 


p INTFGRITE OV/DT TO GET VEHICLE SPEED 

• DEcf LERITIDN NECESSiBY TO STOP 

• IDENTIFY -iNii-u" Velocity fFwo of cycle 

P EL1"IN*Te 'POSSlRlLlTr Of ROUNDOFF ERROR 
P CONVERSION FICTDR TO HP 

• C*LCUL*TE cRQSS-hInO COHPONENT 

p CPLCULiTf p*R*lLEL HINO JOHPONf IT 

• CILCUL'TE REL'TIvE hINO to VEH CLP 

• CILCUUTE InSTiNTpnEOUS »IND ingle 
p NFCYlp INOICPTES P09 TPIL-hIND OTRECTl 


IF f PHI. EG. 1 BO ,0 , PNO.VPLUSY.lt. 0.0) YPhpjBO.O 

IFtl-rSCS.eo.lOlBI COp0.30*0.0002pY1»'PP2.0.00000o<hiRRpYPPppJ S012*) 

IFn“I8C3.ED.3OI2.PNO.YiH.GT,O0.O) COpo . 3358-0. 73S8PfYP«-liO. )V«o , 30 1 2-2 

IF( I“IS(r3.ep.3015) COPO, 30+0. OOOSPyPPPPB-O. 000(11 1 1 1 pyph«p3 3015-1 

IFtIMISC3.ED.SOf5.PNO.VPW.GT.U|j,o) CDpO .199-0 .78RP tYPH-RO .0 ) /9D .0 3015-2 

iFf IHISC1.ED.R0I5) COPO.a0*0.001331PYPPPP2-0.6000298PYP»PPS R015-1 

If (rHlSCl.ED.OOIS.PNB.YpH.GT.flO.O) COpO , 8U- 1 , 1 R» (TPH-00 . 0 1 /9o .0 R015-2 

If tYPP.CT. 130.0) CDP-O.OO 

CDEEROpfLOPTnHlSeS/lDOl/lOO.O P lERO-YpH co 


IffJ.EO.lR) CDPCD2eRO»fO..8+0.a5*fLDPTtK+l ) ) • FOR VPRIOUS CONSTpNT CD'S 

IffJ.EB.lRl VRPV p fOR eO.-CDO VoRIPTION USE VEHICLE SPEED 

PER0FP0.5«RH0PPPCD*VRPf2PP*«2 f PCROOYNPhIC ORPG FORCE 
Rpfp()«-£LTOt)*PBStPEROP))PfCOtCl»V+C2»VPVtCS«VPP3) • ROLL RESIST FORCE 
BETPPl.O • LOH SEPR ENGINE ROTPTIONPL INERTI-P 



PROGRAM LISTING 


0:1 

I 

00 


005«6 

221* 

OOSSO 

222* 

0055? 

223* 

0055a 

22R* 

00550 

225* 

005S7 

226* 

'OOSftfl 

22T» 

00561 

22 8 • 

0056^ 

22R* 

OOSbg 

230* 

OOS65 

231’ 

00566 

232* 

0056? 

233* 

005?0 

23R* 

00571 

235* 

0057S 

236* 

0057« 

237' 

00576 

236' 

00600 

23B* 

00601 

200' 

0060? 

20 1* 

006ca 

2B2* 

00606 

203* 

0061 «*r 

2UR* 

0061 1 

20S* 

0061? 

2«6» 

006TJ 

2ii7* 

0061 ^ 

2SS* 

006;j0 

2uR» 

006?? 

250 3 

Q06?a 

2S1* 

00626 

2S2» 

0063f» 

2S3' 

0B6S? 

2.PR' 

0065a 

255* 

0Q6S6 

2R6* 

D06UO 

257* 

0060? 

258* 

006au 

2SR* 

006a6 

2S0* 

006aT 

2SI* 

00651 

242* 

0065; 

241' 

0065 'J 

24R* 

00656 

245* 

0 0657 


00660 

247* 

00661 

24B* 

0066? 

24R* 

0066^ 

270* 

00667 

271* 

00670 

2Ti» 

00671 

273* 

00672 

2TR* 

0067 3 

275* 

00675 

274 • 

00676 

277* 


irO».BT.10,0) BfT* • 1.2 
I»(V.GT. 20 ,e) BET* • 1.1 
lF{ 0 VD 7 t") .LT.O.U 9 ET*»t .015 
iFtl.flSC'l.E').! 1 ■ BET**l.ttJ! 
P 00 T*l.tt/fL 0 *TtlHTSC 2 ) 


• SECQNO GC*R ENStSE BOTtTIOMFL INERTI* 

» HISH CE*R ENSldfE ROTiTIONil. tNERTI* 

• MO emsine rot imerti* fob C 0 *ITINB 

• *SSUHE CDMSTiMT INEHTT* *U 88 

• ROOT FOR “DTOR EFFIciENCT FiCTOR 

*FVeL» 1 , 0 /( 0 , 1 * 0 . R»tV/ 60 . 0 )^»»DOTl • MOTOR EFFieiEMCT FRCTOR 

0 v 0 iF*M»aET**DVDZtMj»F/ 12 . 1 * • ICCELERFTIOM FORCE 

IF( (“isri .EO. I ) mFVELmI.O • SET ENOTmE “*P mT F*CT 0 R TO umitt 

jpqpHB**rROF*R»MFVEL • HR TO OVERCOME *ERO OR*S 

hhhp^rrr*** I.FVEL • HR To OVERCOME RCJLL RE* 

*rCHP»(T»OK»v»v*THPEE‘:)*(M/RlHlO.O)»HFV£L • HP TO OPER*TE ACCESSORIES 

OvOTMP»OvOIF*b»hfvE[. » HR to accelerate vehicle 

RECrM.n,oi*rLO*T£rHTSC 5 ) • REOEMERA T IVE BRAFlMC FACTOR 

iBD»AER 0 HB*aeHp* 0 VDTHR • SUmmATIOM OF R 0*0 LOADS E»CEpT ACCESSOR 

IF(ARO.GE.O.O) T 0 TH.P »1 ,l*ARn**CCHP * TOTAL HP HEO.O— O.R AMIS EFF 

IF( ahO.lt. O.Q l TOTHP»RESEN« 1 » 0 /.FVEL*ACCKP# REOEMERaTION of ROmER 
HPSfr»MRSfC*TQTHB« 0, 0002071 • TOTAL FHH EMERET REOUIREO 

iFtC'VDZfM) .GE.O.O) T*ROHP»l . 1 *aERDhP « TOTAL AERO POheR REBi T 

*HPSEC»*HRSEC*T*ROHR»fl.OOO?OTl • SUM uR AERO EmeRST IN mHH 

S*SA(V.(t,S*nvni(Mi )»F/B?S 0,0 • R distance vehicle travels 

» OF TERM! W£ MA-« 1 "U“ VELOCITT 

• oetermime time at HiiriMUi. velocity 

• CALC only for zero mind CASE 

• 00 NOT CALC IF *INO NOT ZERO 

• CALC FOILOmTnS mHEn mInO IS ZERO 
t average DFCEL Ol'RiNC COASTING 

• deceleration during spaaing to stop 

• ROheO to overcome *E »0 R£S AT I SEC 

• POMES TO OVERCOME AERO ®ES AT T SEC 

p ROHES TQ OVERCOME AERO RES AT IRSEC 

• PfiMER TO overcome aero »ES at 21 SEC 

• POHFR To overcome afro RfS AT. 2 SSFC 

• POMES TO OVERCOME AERO RES iT J 2 SEC 


Iff V“*XO.LT.V) VMi»D»V 
IF(VMi»o.F3.VJ TVm*«o*FLOAT(M) 
IR(-INdUJ .LT .O.RJ GO TO 1®® 

GO TO <|RR 

iRR OT»3.|aT5R26 

If(M,FC, 9H ftVnT 83 *OVnZ(HI 
IF(M.E0,«2I nvOTR2«OVOZtH) 
iFCM.EO.n iPBfii* o.rusATiROMP 
IE(M.eO,TI APHDTs 0.Til6»T*B0r|B 
I* (M.EO.I s) APBOlR*0,Tiiii*TARnnP 
tF(M.E0.2l 1 APRO:Ei» 0.7R6»T*S0HP 
IPrM.FB.aei Aflao?8l0.7R6«T*R0nP 
IF (H.E5. JRl *PBD32»0.7Rfc*TABQHO 
lE(".ED.n BMB01* O.T06»TOThP 
IP(m.EQ.T) bmR 07» O.TUi»I0TMp 
IF(“.Ei:.iaTPMRDia»0.Ta6*T0THO 
rp(M.E0.2i lB-Pn21«0,TnsPT0THO 
IE(“.EB.28IP-»0?a»O.Tva«TDTMP 
Ip(“.EO,32>R*PoSJ«O.TU4PTOTmP 
TnT.HPF«TOTHSF0,786 
If { b.shko.lT.TDTHPm) 

IF fPMBMFO.Ea.TOTHPF) 
uoR Pr«3.iai5R2s 
HU CONTINUE 
VenoObvEL 
dtsto»s 

*fB0H(J.R)paHP5EC/S 
T0TLHtJ.«)iMPSEC/3 
iFtJ.ME.n GO TO URU 
DO 333 MKrl.ia 
AFROOC J.KR) ■AFROUfl < 1 > 

TOTlUt J.MFUTOTLUf I . II 
AEPDH( JiM*)**E8nHt I . 1 1 
TOTLHtJ.MMUTOTLht J .11 

333 CONTINUE 

GO TO mu 

IT'JU Bi.»S.Itt 1 'SB 26 


• TOTAL «H AT TIME* 1 SEC FOR CYCLE 0 

• TOTAL MM iT TI-E« 7 SEC 'OR CYCLE 0 

• TOTAL MM AT TI-EbIR sec FOR CYCLE D 

• total m* at n-F»2i Sec for cycle o 

• total «• AT TI»E *28 SEC FOR CYCLE 0 

• total mm at TI-E«S 2 sec fOR CYCLE 0 

• COMVEBT Ms TO MM 

rhrmmdbtothbk « detebmine «am bomeR used 

Tbm**dbELOAT(M.) • OETEbmin'e TIME AT MA*_.PnR 


• velocity at end of CYCLE (lERO) 

• distance traveled during SAE d cycle 

• CALCULATE AVG MMH RFH MILE FOR aero RES 

• calculate, avc total kmm per mile 
• COMPUTE ZEROmMIND speed items only once 


DUMMY statement to give a 'GO TO' address 



PROGRAM LISTING 


00677 

27i* 

200 


C0R71NUE 

00701 

27«« 

SOO 


CONTINUE 

0070S 

2B0* 


00 303 jaifll * t87TI*LHe t«a6T Rr8UIM«*ITB 

00706 

2BI* 



REROUKJlaO.O 

00707 

282* 



TOTLU»(J)»0.0 

00710 

283* 



*ER0H«(J)*0.0 

0071) 

280* 



ToTLMltJ)»0.0 

0071^ 

2«5* 


DD 555 K*l i | <> • SO* U8 ENE8G7 DEO • 78 FOR VtRIOUS *TND 0IRCCTION8 

OflTH 

286* 



1TCREI**ER0U(J<R1 

00716 

257* 



ST0RE2*T07LU(J.5> 

00717 

288* 



IEt5.EQ.7.0O.5.EQ.l5) *EROO(JfK1*0.5*»EROU(JtR3 

00721 

280* 



tFCK:.Ee.l.0R.5.Ea.l«) Tn7LU(J.8)*0.5*TeTLUtJiK) 

0072 ^ 

200* 



6ER0U*(-7)**E'’0LJ*CJ]**ER0U(J>5)/7B.a 

00720 

251* ■ 



tnTLUtU)*T0TLU*tJ)*TD7LU(J-iO/16,0 

00725 

202* 



*F00U(Ji5)*»T0RE1 

00726 

201* 



TnTLUf Ji5)»STrRE2 

00727 

2««* 



STCREi»*iR0M(J.*1 

007JO 

205* 



STOHEO*TOTLKtJ'*Kl 

007SI 

256* 



IF(5,E0.1.CR,*,E0.7RJ *ER0HtJtF)»0.5**eR0R( J*5) 

O07H 

207* 



IF(«.F0.l.0R.5.EB,!9) lOTlKl JtiO*0.5*T0TLHt j.») 

0071S 

206* 



*ER0H* t J1 »i from* ( J ) * 6ER0H { J 1 5 1 / 1'8 . 0 

007S6 

200* 



TnTL6*tJ7*'T0TLH*(J)*TOTLHtJt*1/l8,0 

007 S7 

JflO* 



*fROHf Jf5)*870RE-3 

00700 

301* 



TpTLHt J*57»SiTnRF« 

00701 

102* 

SSS 


CONTItJUE 

OQTot 

303* 

IflS 


CnbTl «UF 

00705 

500* 



•pITF 06*2201 

0070 7 

Jo5» 

ZPO 

FnpM«T(»0'< * JOtt'PE'^TtNrNT CtClE QUANT rTT€»f //j 

00750 

30b* 



h01Te(ib*2Hn V5il0.TV"**e*VFRDB*iJlSTB«-DVDTOOiDV[iTBn* 

00750 

JOT* 



ipPRl ■ tPPBu.*PRRP.lPRnt Pt>*PR615*'*8RR2l • 

00750 

JOB* 


2 

P6R51*Pi*PFUiP6P8P*PWR5:ta*P6P6iatPHRR27*P*P5>B>TR‘‘*>P 

00776 

300* 

23U 

f OOH4T 1 10' ,«07i 1S6F DR'IVTNC C7CLE B'/i 

00776 

310* 



'O' *l'5*t ' VM*7*> •56,1* >«PH(3T IfF' »F'6.1< 'SECl ' * 

00776 

31 !• 


• 

S«. IV6Lf«n*' '76. J. 'HPR'.S*'. 'DIST ' . 

00776 

312* 


? 

i TR*VEL7t>»1 'F6. It '"ILFS' •/' ' i20«* TOtST OECEL* ' *F6. 3* ' "PHHS ' t 

00776 

313* 


3 

SH.'!8«15E DECEL*' *F6,Jt'HPHPSl/ 

00776 

3l«» 


(t 

1 O' >1'5** 'PD*ER FRO" 01TTEP7 io rvERCO"E »ErO RESISTANCE *T TIRE'* 

00776 

3IS» 


5 

1 l..RiR.7<J*1«*21 SEC'/i ' *25«*6F'B,3, IM"i / 

00776 

31 6» 


b 

i(l' i7S«* iTtiTiL poRFR FRO" B*TTER7 *T TI"E 1 * “*Rt IB * 1 R*21 SFC* 

00776 

317* 


7 

r AND "A7',/' 1 .25 x> 6F8.3' ' 5" 'ifB.S*'!*! T I"F ' *F6. 1 * 1 SEC ) ' //I 

00777 

3ta* 



"RlTE(6*2tfO) U"**0*TV"AX.O'VENDD*nrSTD*DVOTBJ*nVDTR2* 

00777 

310* 


1 

tppniiAPPe7*APHnio*APP02i iAPR028t aproje* 

00777 

320* 


a 

PitRDil*R"P07*P"RD IR*P6PD2t *P)iRD2S*R"R032*PWR"XOtTP"AA0 

01025 

321* 

?uo 


FORPiTCO' *ROX> TStE DRiiEtNS CTCie O'y . 

07025 

322* 



'0' * 157. 'V"AJ*1 *F6. J. *"‘PH(AT Tl"f ' *F6,1* 'SEC) ' • 

07025 

32J* 


• 

57* iveLENO*' iF6.3* '"PRI*S7* 'OIST ' . 

07025 

320* 


2 

'TPAVFLEO*' *F6, j* HITLES' *7i 1 *217* 'COAST OECEL* ' * F6, J ■ ' HPHPS ' * 

07025 

325* 


i 

57, 1 BRAKE OFCFL*' *F6, j, 'NPHPS'/ 

07025 

326* 



'0'*157* 'PO»ER FRO" battery TC OVCRCO"E AERO RESTSUnCE AT TIhe'i 

07025 

327* 


s 

' l.T.lUf2l,2**32 SEC'/' 'i257,6F«.3,I5RI/ 

0102« 

328* 


b 

'n 1 . 157. 'TOTAL RO"ER FRO" B*TTE«Y *t Tl"E ! • 7 . 1 a , 21 * 2i . 32 SEC* 

01025 

320* 


7 

I AND "A7'f/i >*257*6FB,3*' 5" i*F8.3.< t*T TIME', F6, 1 . 'SECl '/) 

01026 

330* 



"RITE (6* 700) • HEADING FOR AEPO ENERGV REOUIREHENTS 

070 JO 

111* 

TOO 


FDR"ATC I ' .Too. lAVG AERO DRAG B*TTER7 energy REOUIREHENTS (5"H'. 

010 JO 

332* 



'/"!) '//'O' .TO* '«IMD' *T50, 1 angle of "INC bFLaTIVE to Road (OEG)I/ 

070 JO 

313* 


i 

' 1. T9. 'SPEED'. 

0 70 JO 

310* 


a 

1 '.T9, 1 ("PNJ ',776. '01 .T22, ' 10' .728. 1201.730. 'JO' .Tao. 'ao' . 



B-10 


PROGRAM LISTING 



01019 1JS» 
01039 116* 
01630 317* 
01011 IIB* 
Oloio IIQ* 
OlOiiti lao* 
01001 lai* 
Ol'OSS 302* 
01056 101* 
01060 100* 
01062 305* 
0106? 1*6* 
0106? 107* 

01 : 06 ? ma* 
01061 109* 
01065 150* 
01065 ISl* 
01065 isa* 
01065 351* 
01065 35U* 
01065 355* 

01065 J5b* 

01066 357* 
01071 356* 
01 1 01 159* 
0110? 160 * 
0111? 1*1* 
DlllJ 362* 
01115 361* 
OIIIT 360* 
01117 365* 
OlllT 366* 
01117 167* 
011?n 36B* 
Oil?? 369* 
oil?? 370* 
Oll?1 371* 
01I?6 372* 
OHIO 371* 
0111? 370* 
OHIO 175* 

01115 376* 

01116 377* 
01137 378* 
OlloO 379* 
OHUl 380* 
01105 381* 
01107 382* 
Oim 305* 
0115? 380* 
01153 385* 
01150 386" 
01 155 387* 
01157 388* 
0117? 389* 
0117? 390* 
0117? 391* 


5 T 06 t ' 50 ' iT 5 ?* ' 60 '*T 58 * 1 TO ' tT 60 , ' §0 I iTTO* i 90 '>T 75 t ' I'OO 't 

6 Tilt 'll O' tTSr,' 1 ? 0 '. 793 :* ' 130 '.T 99 . 1 1001 . TlOSi 'ISO' iTHl *' 166 '. 

7 7117 * ' 170 '.ri? 3 .' 180 ' .Tl? 9 , 

DO 707 «*l.lfl 

*OITEt 6 * 7 ? 0 ) * 1501 ") .(iEBOU(M.L) .L*l* 19 ) **e 90 U*t 8 > 

720 F0B“*7(i 'HE 8' *F6. 2*2006.0) 

* 017116 * 700 ) «rNBC)*(*rB 0 Mt 8 *L) ’L*! •I 9 ).*E 90 M*t>i) 

700 FnOKOTr' '.'ME C'*F 6 .?i 20 F 6 .O/] 

707 CGNTIWUE 

*017E(6.770) 

770 FOBHlTf t'D I * 17 HE F 7 W 1 L I,E 90 -» 16 [) C*LCUL* 7 I 0 NS (FO(. 10 *I*JG THE 60 ' 
g inBH hind C*SE) »«E FOB C-D/COO V*LUES ViByiNS FBO" 0,60 TO 1 .So ' 

3 /.SOX.'BV rNCBEHENTS OF 0.05 *7 7 EB 0 UNO. nrSBES *90 THE 7 »H ' 

0 'HEtOINS'/) 

HBlTErb.BOO) * HEIOINC FOB TDT*L ENEBC 7 BEOU t BEMENT S 

800 FnB“iT( tl '.TOO. ' 70 T*L ENE 9 CY beoUTBEHENTS 

1 I 0 I . 79 , I*TND' .TSO. '* 501.5 OF HINO BELlTIVE TO » 0*0 tOEOl'/* 

3 I I ,T9,'SBtFP'. 

a I ',T9,1t.‘PH)',T16,'0',T2?.'10i,T?8.l20'.TJO,i30'.TflO,looi, 

5 Ta6. 'So' ,T5?, '60' ,T98 • '70' ,I60, '80' .T70, ' 9o I . TT5 , I 1 00 ' . 

6 TBt « ' 1 10 ' .TFT, ' 1 20 ' ,T9S* 'HO ' ,799, I tool ,7105. 1150'. Till, '160'. 

7 1 1 1 7 , 1 1 to ' ,T I 23 , ' 160 ' , 7129 , ' *VC* '/) 

PD SOT «•! .10 

HBITE( 6 , 620 ) l>:INn(H) ,(T 0 TLU( 8 fL 1 'L*! ,191 ,T 0 TLU* (“1 
H?l) Fp|!“*Tft ' . >'S*E S' *f 6 .?,?aF 6 . 3 ) 

• P TIE 16,8001 .iNO(H), (tOTLHfH.L) ,t*1 , 191 ,T0TLH*(«1 
can FnBH*7(t ',IS*E D',F6.?,20F6.3/1 
HOT CONTINUE 

HBITEfO.STO) 

STO F(1PH*T( '0 I , 'THE F1N*L ZEBO-HINO C»LCL<L*TI0NS (FOLLOHINC the 60' 

2 IMPH ■INO CtSE) *iiE FOR CO/COO VaLL'ES ViByjNG fBO« 0.60 TO 1,50 ' 

3 /.SO*. 'ST INCRFHENTS (IF 0,05 FT ZERO “INO, DjBPEGFPb THE *** ' 
a 'HEFOING'?) 

HPTtEt6.96bl 

960 FtlRHFTC ' 1 ', 700 , lENfBGT BEOltlBEHF NTS FOB HiPTOUS «TN 0 SPECTB*'/ 

I I r.tss. »(«pH/HTLfl 1 //) 

no 688 IFPE0*1,1 • CFLC CFUC ENeRGV BEO'TS FOB HIND SPECTH 

if(IFbeo.fb.i) ■iND*y* 6 .,o 
tFtlFREO.EO.?) HlNn*V* 10.0 
iFdFBFO.EO.li Ht'NDFyPie.O 
*uFEHn*o,o 
FHFEPObO.O 
*|iTOTL* 0 .n 
FHTOTLpO.O 

00900 II« 1.11 * height SnEBSy bEO'T PER hind SPECTPUh 

irdpBEO.EO.Il UFREOttHPUFPEQldn • 6 HPH * 9 s VEFPLY NINO 

IFtlFBEO.EQ.?) UFB£ 0 (II)bUPBE 02 (III • 10 “PH FOG YEFBLY BtNO SPEED 

IF(lFReS.Fa., 3 ) 'JPHE 0 (IH*UFBeQ 3 tin * is HPH *VC YEFBLY hind SPEEP 

FUFEBO«FUFEBO*FFRnUF(in*UFPEQ(II) 

FHFEBClaFH 6 e 90 *FEB 0 H*(Ml:*UFRE 0 (Il) 

FUTOTL 9 FUtOTL* UPBFQ(I 1 )*T 0 TLUF(II 1 

FHTOTLpFHTOTL* JFBEb(il)*TOTLHF(ir) 

900 CONTINUE 

HPI TE( 6,650 1 MINDFV , CHINO(H) .Hal , 13 ) , (UFBEOTNI ,N* 1 , 13 ) 

650 FPBHFTt' * ,/,Tao, 'STFTIsttCFL NINO VELOCITY SPBECTBUI HITH I, 

1 F 5 ,?,'HPH tVCBFGE VELOCITY'//, T 16 , 1 HPH',lSFi.?/,Tl?,'P 0 «TipN'* 

? 1378.9/ 



B-11 


PROGRAM LISTING 

01lT^ S (er.rroi IFOR zero fINB VELOCITV* velocity H*NGE is 0 TO Z.S *|RMI/ 

OllTR JR3* « I 'tTliO.IFOR *LL OTHER VELOCiTlCSt VELOCITY RtHGE IS RLU8 *NO I > 

OtIT? i*R» 5 I fInuB 2.5 MPH FROH INDtCpTCO VSLUE. 't 

01172 3«S* t> I I. ISUF OF PORTIOHS SHOULD BE I.DOOD<l 

01 ITT 3Rb* vPITEfO.TeOl iUiERO.iMPERO. 

OltTT SOT* TSO FnRH*Tt<0' tTSO. lENERSYtFHH/Hl] REOUtREh To OVERcOHE *£00 OR*S 't 

flIITT 3«S« 1 i*VFR*GFD OVER E*CH DRIVING CYCLE' • >t50Vt'S*E Bl l■FB,R/ 

01177 J09* 2 I 'r50*fi8*E Dt ' tFS.fl) 

01200 <(00» »RlTEt**SBO) *UTOTL.i*HTGTL 

0120 U a01'» BAO EnRN*:Ti 10' .TlOt IT0T»L ENEfiOY tFHH/MIl TO TRAVEL EACH 3*£ CTCLC'*/ 

0 I 2 PU il02« 1 I 't50«>iS*E B( '.F8,Jlt/i itSO*.iS*E Dl '•F8.a/) 

0 l 2 n« RO.J* BAB CORTINur 

01207 aou* Co TO liO • ST*RT NEXT CASE 

01210 405» R09 STOP 

01211 flflS* End 



BASE CONDITIONS (Case 3) 


irriCf or HN TMS PCRFODHANEE of ELFCTFIC HTB*IB VCt^ICLCS 


CBSCl U B ,3/.B5 0 

50 0 >c2<b3 .0000 

.0001) 


AtHtSETBfBIR OENSITViL/n 1:8.000 2500.000 

1.0 35 

.002380 1.000 

TI»E TYPE! LOR HP 

RBOUL TTB eo.Cl ‘ 

,SOI>0-02 

,5750-00 


E2tC3 

..2000>05 

.2000-OT 

IPI9C1 •2,SiB,5.t>l 

0 fl JBl5 

n 

50 0 


PE«tih£KT ZFROrPIND t)P'I''I'iG CTCCE OUinTITIE* 


Sie DRIVING CYCLE B 

VHF)x|4,BCn**PMr&f tl»l 3F.0SCC) YEL£vD> .OOUxP** nrST TRlvCLEOa •2B|HILE$ 
C(1*ST orCFL* -.ZntHPMPS (t8**'E DECEL*»J.TBS“Ph*,S 

FO*es FMOp BiTTEBY !p nYE»ro»E *E80 BtsisTJiNrE *t ti“e i sec 

.filB ,113 ,iti ,830 .O30«fc 

TOY*L PtJBFB FROl* R*TTfOY *T TI>*E I t B Iftt 1 0» 2 1 SEC ‘NO n*» 

1,S6? S.BSl 6,?«6 e,5fij 5 ,TQb 1.»?S «y B.«00fiT TI«e T, 


S*E 0»TVI«IG CYCLE D 

vh 1 iisuS, 2 UI 1 >*pHUT T 1 «E TB.OSECI v£lE''*B» ,OflnHPY nisT TRIYElEO* ,R«*flLES 

Cn*5T PFCFL* -,SD1-RWFS »RbYE DECrL»-B . I OS hPRPS 

RI!.E8 FRO" MiTTfOT Tn nUFRCOKE *£R0 BESjSTtJgCE BY ri-e l,T,tu, 2 | .zn,'!? SEC 
.not .1T2 I, inn 3,noa b.bbs s,bbs«ii 



OSEt) 


TOT»L POBES from 9*tteby »T TI**E I •>■ lBt?l •2«tS7 SFC »HB »*« 
S.OBT 12,btR 20.R22 20. 3B? II. BIT «.B30 yh 


21. BET (*T TI“E IT.OSEC) 


B-13 


BASE CONDITIONS (Case 3) 


ivc tcMo cute eNeacT aEDUiaeacNTi 

"I^'D taSLE OF HIMO aeitTIVE TS 40*0 (DEC] 




(HFH 

10 in 10 10 

90 

50 

80 70 

90 

S*E 


.00 

.01*T .01*7 ,01*7 ,01*7 

. 01 *7 

.01*7 

.01*7 .01*7 

.01*7 

S*E 

0 

.00 

.0880 .0880 .0880 ,0880 

,00.80 

.08*0 

.0880 ;088(1 

.0880 

5»£ 

s 

5.00 

.0118 .Oil* .0117 .one 

• OUT 

.021* 

.022* .0211 

.01)0 

5*F 

D 

5.00 

.0911 ,0*10 .0B17 ,0811 

.090) 

.07*2 

.0777 .0759 

.07)5 

S*E 

a 

10.00 

.01*8 .0151 .0l8U .0171 

.0)79 

.0177 

.0)68 .01*5 

.0115 

0*£ 

0 

10.00 

. 0 *** ,1000 .tool ,1001 

.n*98 

.0*91 

.0*80 .0*27 

,0999 

S«E 

i« 

15.00 

.0a7u ,l)*9o .05l5 .05*1 

.055* 

.0557 

.0510 .0*7*, 

.0*0* 

S*E 

D 

15.00 

. 11*8 .tin! .Ill* .Ills 

.'ISl 

.112) 

.11*3 .119* 

.1078 

S*E 

9 

10.00 

.081) .085* .oTOU ,07a* 

.0778 

.0785 

.0708 ,0801 

.0*81 

8*5 

D 

io.no 

.1*11 .1*15 .1*5* .1*98 

.1505 

.1500 

.1*83 .13*1 

.1199 

•5*E 

H 

15.00 

.nail) .1)991 .n*|T .0**1 

.1029 

.0**9 

.0995 .08*9 

.051* 

S*F 

n 

15.00 

.18*6 .188* ,lTll .1779 

.1918 

.191* 

.1781 ,165* 

,1**9 

s*e 

n 

10.1)0 

• too * .10*7 . 118 * .1180 

.1313 

.1151 

.1083 .1)911 

.05*1 

5*E 

D 

10.00 

,l*nu .1*1* .10)5 .llnl 

.1181 

.2lS* 

.1080 .1*11 

.189) 

S*f 

«4 

15.00 

.1110 .11*7 ,1**1 .1S91 

.183(1 

.1523 

.123* ,0*38 

.0889 

S*£ 

\j 

15.00 

.llTl. .1112 .?138 .1*5* 

.151* 

.1512 

.291* .219) 

.1959 

S»E 


uo.flC 

.1*7* .1583 .1753 .1*1* 

.1*7* 

. 191) 

.1*2* ,1072 

,0797 

S*E 

ft 

90.nu 

.1*8* .1511 .1b9* .1991) 

.»*50 

.2*11 

.275* .1*13 

.1*99 

S*E 

M 

*5. no 

.17*1) ,165* .?i)05 .1111 

.1.180 

.111, 

.18*5 ,1219 

.09)1 

8*E 

n 

*5.00 

.1775 .1981 .inoo .128* 

,13*2 

.135* 

.1111 .2886 

.1081 

s*e 

M 

50,00 

.20)11 .1171 .1*8* .1711 

.177) 

.2**8 

.1*77 .1175 

.0*1* 

S*fc 

D 

5fl.no 

.1108 .1218 .1*8* ,1721 

.1987 

.17** 

.1*89 .2977 

.1178 

S*E 

H 

55. 00 

.11*1 .1515 .7978 .1197 

• 121* 

.2799 

.1117 .15*1 

• luto 


n 

S5.00 

.3*57 .35*2 .39*8 .*207 

.*172 

.*288 

.3918 .108* 

.12*7 

S*F 


8o.no 

•2890 .1998 .3318 .187* 

.38*8 

.11*7 

.23*3 .1720 

.1105 

S*E 

0 

80.00 

.1929 .1**2 ,*357 ,*725 

.9*0* 

.*•75* 

.919* ,1250 

.2915 

S*F 

n 

• 00 

,0099 ,00*5 .olOl .0110 

.01 17 

• Oils 

.0112 ..V19 

.0197 

S*E 

0 

."6 

.n:l5 .0*29 .0*81 ,0*** 

.0529 

.0581 

.05** .0817 

,0880 


the FTN»L Eean-aiNii ClUCUltTIONS tFOLLO“ING the 60"FM Hlho c*8£5 

BV IhC»EMC*iT8 OF 


*0 loe no 110 no t«e no too iro i8o tveo 

• OIBT .0I4T ,Ot«T .OI«T .Ot«T .OUT .DI«T .01«T .0|1T ,01«T .0l«T 

,O*»0 .0**0 .0**0 .0**0 .0**0 .0**0 .0**0 .0**0 .0**0 .0**0 .0**0 

. 01 ** .0181 . 01*0 .oi*T .Olio . 0)11 . 0)01 .0000 . 00*1 .ooT« .otr* 

.OTIO .0*81 .0*51 .0*1* .010* ,0IT) .01*0 .0111 .oil) .011* .0**8 

.oiT* .on* .oi«* . 01*1 .on* .0101 .ooTT .eoi* .eo*o .aell .oioi 

.0*11 .0779 .0711 .0»*T .0581 .051* .0*71 ,0011 .0*01 .01*1 .07*8 

.0117 . 01*5 .0180 .0117 .0085 .0055 . 001 * .0011 .0011 .0005 .0100 

.0**) .08*7 ^07*» .0*** .05*5 .0501 .0*10 .0151 .010* .018* .0878 

.01*5 .01*1 .0)5* .00** .00** .00l«*.000**.001 I'.OOII'.OOIO .01*7 
.1)80 .101* .087) .071] .0800 .0*8; .0178 .018* .0113 .01** .108* 

. 0)71 . 01*1 .0118 .0057 ^ooao>.oo)5>.oo5i>.oo5i>.ae*)«.ooi5 .o*i« 
.1111 .1107 . 0 * 0 * .0713 .05** ,0*17 .0118 .0111 ,0158 .0111 .till 

.0*01 .01*0 .010* •000**.00*l*.OI05'.OI15*.eii5*.DD**>.eo8* .05|1 
.1*11 .111* .08*5 .0**0 .0**7 .0)15 .01*5 .017* .0105 .00** .tt** 

. 0*11 .11117 ■ 007 o*. 005 **.oiF*>. 010 l>. 0112 >.ell 5 >.Ol 8 l>.Ol 7 | , 088 * 
.1*77 .110* .080* ,0588 .0)8} . 02*5 .Ol 5 | . 00*1 .0057 .0011 . 1 )*) 

.09*1 .0118 .Oai**.01l8>.0152>.01)l-.017*>.OS11>.01«5>.0181 .0*5* 
. 1**8 .10** .07*8 .0505 .0)07 .01*7 .0078 .oOl* .000*>.000* . 1 * 8 * 

. 0*88 .Dt*8>.00*5><0118»,al9*-,oa*l*.05S*>.o«78-.0*)**.a*ll .071| 
.15*2 .10*7 .0711 . 0 *** .Oil* . 00*1 .oait>. ODD-. eol*«. 0017 .i*i) 

.05in .016**.011**.01*D>.05*»>.0*8*>.a718-.0*5t>.e*059.05*0 aOtOl 
.15*1 .10*7 . 0**1 . 018 } ,0158 . 00 l 5 *. 0 a 5 «-. 008 e>. 0 a* 8 >. 0 e** .178* 

.05)7 .0117-.01l8>_,o502*.e711*.0*ll*.0*17*.085*-.080)*.0785 .0875 
.1897 ,10*7 .0*53 .011* .0075>.0o7«...ei«*>.0lS5-.011**.0O** .)*)• 

.0557 .oa 8 o*.Oll 8 *. 0888 «. 0 ** 7 «. I | 8 *>.i i 75 ~. I 08 l*. I 017 >. 100 * . 0 *** 
. 170 * . 10*7 , 080 * . 01 )* 9 . 0010 >. 0 | 70 >. 01 **«.D 1 S 8 «, 0101 >. 0|85 .1085 

> 015 * .0181 . 018 * .0178 .Ol 8 l . 01 * 1 : . 01*8 .0208 ,0111 .0110 .0080 
. 08 *) .0718 . 07*0 . 07*1 . 081 * , 085 * , 08*1 , 0 * 1 * . 0 * 5 * , 0**1 .0080 


*E FOB CD/COO V*LUES 7*BMNe F»n>< o.*0 TO 1,50 
0.05 *T ZEFn *180. 0IS8EC*8D The t*p HEoDtNS 


I 


BASE CONDITIONS (Case 3) 

TOT*L €NEB5t ‘llOUl«E**tNT5 (»■«/■!) 


“:mb 




fMPHl 

Q 

m 

20 

10 

80 


t* 

• 00 

• 16« 

.loR 

.1*4 

.164 

.1*4 

SAF 

c 

,00 

,t6A 

.1*8 

.1*8 

.168 

.168 

Sa£ 

fi 


■ t T|> 

.IT* 

.176 

.17* 

.176 

s*r 

f) 

5.00 


. 1»1 

.181 

.180 

.IRC 

8A€ 


10.00 

.1*5 

.185 

.18* 

.187 

.IR8 

SAE 

0 

in.oo 


.]Rn 

.1"* 

. 1 «e 

.146 

S«F 


!5400 

.. l«6 

. 1«T 

. 1 44 

.201 

.202 

s«r 

n 

15. ng 

.zu 

.212 

.213 

.218 

.215 

S*F 

4 

^o.oo 


.218 

.214 

.218 

.220 

SAF 


?n.oo 

.a*!' 

.211 

.231 

.21* 

.217 

S»l 

H 

i*5.fiQ 


.225 

.231 

.237 

.280 

S*E 

n 

?5,itg 

• Z<IR 

.251 

,2*5 

,2*0 

.261 

S*» 

•4 

30*00 


.2(11 

.252 

.2*0 

.2*3 

S4f 

n 

30.00 

.2*1"’ 

.2T2 

.274 

.28* 

.241 

SAF 

n 

J5.00 

.2*>T 

.2*2 

.278 

.2*5 

.784 

S*F 

f> 

95.00 

.2’2 

.2R* 

,105 

,315 

.122 

S*f 

iH 

ttO.nO 

• ?Tfr 

.2*u 


.118 

.117 

SAF 

n 

JO.OO 

.T1S 

,321 

.118 

.187 

.155 

S*E 


A5.«0 


.107 

.127 

.185 

.588 

AAF 

D 

aS.OO 


.lu* 

.168 

.1*1 

.1«1 

5AF 

d 

50.00 


.11) 

.157 

.174 

.181 

»*F 

(> 

50,00 


.377 

.1*7 

• «ie 

.810 

SAE 

h 

55.00 

• J-tT 

.3*1 

.i»« 

.815 

.817 


n 


.1R^ 

.«n7 

.812 

.858 

.871 

s*e 


60*00 

• JTU 

.1«! 

.826 

.855 

.856 

SAC 

0 

60,00 

,UR» 

.(180 

,870 

,804 

.518 

SAt 


• 00 

.1»li 

.165 

, 166 

.1** 

.1*7 

SAC 

0 

.00 

.I"*’ 

,ltt« 

.152 

.155 

.157 


*NSLE Of i^IND ag(,ITIVf TO fOESl 


50 • 

*0 

TO 

60 

40 

ion 

1 10 

120 

. 1*4 

. 1*4 

.164 

. 1*4 

.164 

.164 

. 1*4 

.164 

.168 

. 1*8 

.-.168 

. 1*8 

.166 

.168 

. 1*8 

.168 

.176 

• IT* 

.175 

.178 

• ITS 

.172 

.170 

. 16 * 

.174 

.178 

. 17 * 

.178 

.172 

.170 

. 1*8 

.165 

.188 

.187 

.185 

,161 

.180 

. 17 * 

.175 

.170 

.148 

.143 

,140 

.1*6 

.182 

.177 

.172 

.167 

.202 

.200 

. 14 * 

,140 

.183 

.177 

.171 

.167 

,218 

.212 

.208 

.202 

.145 

.187 

.174 

.171 

. 21 « 

• 218 

. 70S 

.1 48 

.185 

.177 

.170 

.165 

.237 

.218 

.228 

.210 

.204 

.147 

.185 

.178 

.258 

.228 

-213 

, 14 « 

. 187 

. 1 7 * 

. 1*8 

.161 

, 2*3 

.256 

.284 

. 21 * 

.221 

.208 

, 1M 

.175 

(258 

.281 

.222 

.205 

. 18 ® 

• iT* 

.]** 

.157 

,241 

.288 

.271 

.252 

.224 

.206 

.188 

, 1*6 

.280 

.257 

.212 

■ 211 

. I®2 

.175 

. 1*2 

.152 

.321 

.111 

.242 

. 2*5 

.238 

.208 

.180 

.160 

.303 

.272 

.283 

.21 7 

. 148 

.178 

• tSe 

.185 

.153 

.334 

.312 

.275 

.235 

.203 

.176 

.155 

.328 

.240 

.755 

.228 

. l'®* 

.172 

.152 

.156 

.388 

,367 

.350 

. 2*1 

,234 

.203 

.171 

.150 

.358 

.106 

.?*» 

.211 

.148 

. 1 70 

. 18 *-'’ 

.126 

.821 

. 34 * 

.587 

.241 

.285 

.203 

, l70 

,140 

.382 

.324 

.281 

.258 

.200 

.1*6 

.157 

.118 

. 8*1 

,8?8 

. 5*2 

.301 

.288 

.203 

.166 

.158 

.810 

.150 

. 24 * 

.286 

.201 

. 1*2 

.128 

.100 

.500 

.853 

.178 

,311 

.252 

.203 

.165 

.132 

.167 

.166 

. 1*6 

. 1*4 

.170 

.170 

.171 

.171 

, 1*0 

.1*3 

. 1*5 

.168 

.171 

.173 

.176 

.174 


130 

1«D 

150 

ito 

170 

1S0 

AVCA 

.16* 

.164 

.164 

• 1 

.16* 

.1*4 



.168 

.1*8 

.168 

.1*8 

.168 

.188 

.166 

• t*» 


.1*8 

• IM 

• 1*8 

.172 

.1*3 

.1*1 

.15* 

.158 

.157 

.15* 

.170 

.168 

.1*5 

.161 

.1*2 

.1*1 

• IfrO 

.ITT 

,162 

.157 

.155 

.184 

.187 

.186 

.177 

.168 

.162 

• 1«0 

.154 

.158 

.|S8 

• lit 

.163 

.ISS 

.18* 

.183 

.114 

.138 

.186 

.161 

.158 

. 157 

.156 

.15* 

.15* 

.1*7 

.163 

,155 

.185 

.158 

.132 

,150 

.1*6 

.157 

.158 

.155 

. 155 

.153 

.158 

.1*2 

.1*0 

.18* 

.181 

.133 

.127 

• 1?A 

,20* 

.’151 

.1*8 

.18* 

• IB* 

.1184 

.184 

.1*8 

.152 

.1«1 

.158 

.128 

.123 

.11* 

.216 


.134 

.137 

.13* 

.181 

.1*2 

.208 

.185 

.158 

,12* 

.121 

.114 

,116 

.225 

• 115 

.128 

.125 

.128 

.111 

• 155 

• 210 

.13* 

.127 

.120 

.116 

.118 

.111 

.255 

.128 

.118 

.110 

.11* 

. 114 

.121 

.215 

.132 

.121 

.118 

.112 

.111 

.111 

. 26 * 

.110 

.0*8 

.0*5 

.101 

.105 

.106 

• 221 

.126 

.118 

.108 

.106 

,108 

.104 

.258 

.048 

. o 88 

.08a 

• 088 

,0*0 

.0*1 

• 227 

.11’ 

«10C 

,100 

,100 

.102 

.105 

. 2*4 

.082 

• o 7 o 

.071 

.075 

.078 

.07* 

• 255 

.110 

.0*7 

,0*1 

.051 

.045 

.048 

.281 

.172 

.172 

.175 

.178 

.178 

.175 

.000 

.1*1 

.l8a 

.187 

.184 

.142 

.145 

.000 


The ZEO(’«'<iNi) c<Lcui*Tio^a tfouLP'^iMe t«'e *o*^"n hhio c»sei ise »o» co/cdo vilues “iRYiriC fror o.*o To i.sb 

§T IRCREHEkTS or O.m »T IERO hinB, 0I8RE6*RD the t*» heading 


BASE CONDITIONS (Case 3) 


ENI«cr >£eUI*E*1ENTS Fan Vtaious hINO tFECEt* 
tF»H/"lLE1 





STiTISTTCiL MISO velocity SPRECTBUH 

■ITM 6 .D 0 MFH iVE*iCE VELOCITY 



POPTjnH 

• DO 
,t 60 f» 

5.00 

.SHOO 

10.00 15.00 20.00 25.00 10.00 

,2500 .0050 . 0050 ' .0000 .HOOD 

15.00 40.00 45.00 50.00 

.0000 .0000 .0000 ,0000 

55.00 

.0000 

60,00 

,0000 


FOB EEBO Ft'-O VELOCTTrt VELQCITt d*B6E is 0 TO £.5 FFM .... 

FOB *LL OThE" ''ELOCITTES* VfLDctTT B 4 NGE IS PLUS *BD "I-SUS J.5 ■PM PBCM lBDIC*Tto V*lUE. SUM OF FOBTION 8 SHOULD BE 

ENFBG»f»MM/«I) BeOUIBED to 0VEMCD"E *FPP 0«*G *PEB*5ED ove* efch dbivins etCLE 
S*E El ,0]«$ 

SFE Dl .OTIS 


i.eooo 


TPT*L tBEOf.F 0*MH/Mn TO TG*VEL E*CH 9iE CtCLE 
Sit El . t T?« 

Sit D! .1T?5 


U 

I 

1-* 

Ul 


STiTISTrC*L MIND vFloCITI SPBECTOU- -it- lO.OOMFH ivEBiSE velocity 


PORTION 


• CO 
• ttfOQ 


s.&o 

bJSCO 


in«r )0 

• ^Tito 


i 9 ,no 
• 1600 


cii.OP 2 S.ni) 10.00 

• n«n(j .0100 .0!S0 


IS. 00 00.00 BS.oo 

.OQSd .0000 .0000 


so. DO S5.00 *0.00 

.0000 .0000 .floofl 


FPB ZFB13 »INO YFLOCTT*. VELPCITV BiMGE IS 0 TO ?,S “PM 

FOB iLL OTheP '’fLOfTTiES. vpL"CITV B»«*GF IS PLUS i^D “IPUS 2.5 FBQ“ IMOICiTEo YiLUE. SUM OF PQBTIOMS SHOULD BE I.OOOC 


EWFPGTfMMM/“l) BEOUIPEC To OvfOcOME iFFP nPifi iVEB*GEn OYEB E*C“ OBIVIMS CYCLE 
Sit n> ,0202 

Sit Cl .0750 

TDT*L EOpPR* (HMM/Mt) T" TBivfL »itM S*f CyClE 
S*E Ml .1 Tfth 

Sit 01 .ITPT 


STiYiSTICFL "lun velocity spo'CTBU" 


-ITM IF.OOMPM *ViBiG£ velocity 


.pt. 

POMTIOm 


.00 
. 1 SPO 


S.no 10 . nn IS . 00 

luno .lino .1200 


20.00 ps.np JO. 00 15.0(1 (IP. 00 OS.OO 50.00 

.1100 .ionn ,0201 .otoo .0000 .0100 .o2oo 


55.00 SO. 00 

,0100 .0100 


FOB 2FB0 ■IMD vELOCtI*. VEL’’CITY PiUCf IS ij To 2.5 

for ILL OTueB YiLrcTTlES, vpLnciiY p»nge TS PLu* iVp ■T'jUS 2.5 -ph phom EVDTCiTED v*lUe. SOm Of POBTIDsS SHOULD BE 1 .0080 


EHEBL.YCU.M/Mti BEOUIBtO TO OVESCOME iE»n OBiO iVEPiOEO OveB E*CM OBIVIhg CTCLE 
Sit Bl .OSST 

Sit Dl .ORSB 


TOTil, EliEBCY 


TO TsiVEL EiCH SiE CYCLE 
SiE ei .tsss 

S*E 01 .IBU* 


eo*Ts 

00670 


*(•* 

277 * 


JOB Pf«S,TOT!*?S 


» DUHMt » 1 • I i. 



APPENDIX C 


WIND-WEIGHTING FACTOR EQUATIONS 

The EHVSCD computer program described in Section VI and presented 
in Appendix B was used to determine drag coefficient wind-weighting 
factors for a large range of vehicle characteristics, wind and driving 
conditions. Analysis of these results yielded many fortuitous rela- 
tionships which led to closed-form solutions which can be incorporated 
into vehicle performance simulators with little effort. The wind- 
weighting factor, F, was found to be a linear function of the dominant 

parameter C angle where G occurs is of second 

max “o mx 

order significance. F is then, in addition, only a function of the 

annual mean wind speed and the particular driving cycle or constant 

vehicle speed, Tlie specific equations are given in Tables C-1 and C-2 

in Metric and English units, respectively. 

Recall that F is the factor by which the zero-yaw drag coefficient, 

C , must be multiplied to yield the effective drag coefficient Cp^ 

eff 

That is, C = F * C 

eff ^0 

W is the annual mean wind speed which can be chosen by the user 

with a default value of 12 kph (the average annual mean wind speed in 

the U.S.). It should be noted that this is not a cons tan t average 

speed, but rather a statistical average. For instance, an annual mean 

wind speed of 12 kph has winds of up to 50 kph occurring 3% of the time 

and winds less than 12 kph occurring 70% of the time (see Figure 12), 

Cjj /Cjj is the ratio of the maximum yaw— related drag coefficient 
max 0 

(which usually occurs at about 30 degrees) to the drag coefficient at 
zero. yaw.. . The. .user should be able to input this- value. The default 
values are 1.4 and 1.6 for front windows closed and open, respectively. 
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Table C-1. Wind-Weighting Factor Equations - Metric Units 


W = annual mean wind speed in kph 
V = vehicle speed in kph 

EPA CYCLES 
URBAN: 

F = (1.5 X 10“V^ + 1.5 X 10“^W)(Cj^ /Cjj ) - 9.3 X lo“\ + 1.0 

max 0 

HIGHWAY: 

F = (3.6 X 10"‘^W^ + 6.2 X 10~\) (C^ /C^ ) - 9.3 x 10”^W + 1.0 

max 0 

SAE ELECTRIC CYCLES (J227a) 

B: F = (3.5 X 10"‘^W^ + 3.6 x 10"^W) (C^^ /C^ ) - 2.2 X 10"^W + l.G 

max 0 

C: F = (4.6 X 3.0"^^^ + 8.9 x lO'^W) (C^ /Cj^ ) - 1.1 x 10“^W + 1.0 

^rnax 0 

D: F = .(4.6 X 10“^W^ + 3.1 x 10“^W) (Cj^ /Cj^ ) - 1.0 x 10~^W + 1.0 

max 0 

CONSTANT SPEED 

F = [0.98(W/V)^ + 0.63(W/V) ](Cj^ /C^ ) - 0.40(W/V) + 1.0 

max 0 
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Table C-2. Wind-Weighting Factor Equations - English Units 


W = annual mean wind speed in mph 
V = vehicle speed in raph 


EPA CYCLES 


URBAN: 

F = (3.9 X + 2.4 X 10"^W)(Cj^ ) 

max 0 


HIGHWAY: 

F = (9.3 X 10~V + 10“^W)(Cj^ /C^ ) - 1.5 

^max ^0 


SAE ELECTRIC CYCLES (J227aJ 

B: F = (9 X 1g"^W^ + 5.8 x 10~^W) (Cj^ /C^ ) 

max 0 

C: F = (1.2 X 10~\^ + 2.3 X 10~^W) (C^ }C^ 

max 

D: F = (1.2 X 10“V + 7.9 x 10"\) (Cj^ /C^ 

max 


constant speed 


F = [0.98(W/V)^ + 0.63(W/V)3(C /C ) - 

*^max 0 
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- 1.5 X 10"^W + 1.0 


X 10“^W + 1.0 


- 3.6 X 10“^W + 1.0 


) - 1.7 X 10"^W + 1.0 

0 

) - 1.6 X 10"^W + 1.0 

0 


0.40(W/V) + 1.0 



In the constant speed equatlont V Is, of course, the constant 

vehicle speed. To include the wlnd-welghtihg capability in any vehicle 

performance simulator, only two additional specifications are required 

by the user: the annual mean wind speed, W, and the drag-yaw charaGteri- 

stic ratio, C_ information along with the previously 

max ^0 

specified C or A and the specifle mission (which defines what 
0 '0 

F-equatlon to use) can then be used to calculate a new effective drag 
coefficient or drag area from 


"eff ^0 


or 


^eff 


F * C, 


A 


The user can then set Cj^ = Cj^ and proceed with all normal simulator 

eff 


calculations. 


APPENDIX D 

AUTOMOTIVE DRAG PREDICTION PROeEDURES 


This appendix includes excerpts from three references (13, 14, and 
15) detailing procedures for the estimation of automobile drag coeffi- ^ 
dents. Portions of a fourth reference ( 16 ) are also included i^diich may 
assist in determining the functional relationship between estimated drag 
coefficients and yaw angles for wind weighting analyses. 

Drag Goefficient Estimation (R.G.S. White ~ Reference 13) 

White divides a vehicle into six zones and three subzones for a 
total of nine categories. These are listed in Table D-1. A rating 
number is then assigned to the particular vehicle charaeteristiG in each 
of the nine categories (see Table D-2) . ^ese nine intermediate ratings 
are .summed to yield the "drag rating." The resulting drag eoefficient 
is ealcuiated from 

Gjj = 0.16 + (0.0095) (Drag Rating) 


Table D-1. Basic Vehicle Zones (Reference 13) 


Zone 


Subzone 

Category 

Front 

(a) 

Outline plan 

I 


(b) 

Elevation 

2 

Wlndshleld/Roof Junction 

(a) 

Cowl and fender cross 
section 

3 


(b) 

Windshield plan 

4 

Roof 

(a) 

Windshield peak 

5 


(b) 

Roof plan 

6 

Rear Roof/Trunk 



7 

Lower Rearend 



8 


■Underbody 9 
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Approximate] y semicircular 
Well-rounded outer quarters 


Rounded corners without 
protuberances 


Rounded eorners with I i 

protuberanGes t V 

Squared tapering-in corners [j 

Squared constant-width front j Q 

Category 2. Elevation 


(a) Low rounded front, sloping up 

(b) High tapered rounded hood 

(a) Low squared front, sloping up 

(b) High tapered squared hood 
Medium height rounded front, sloping up 


(a) Medium height squared front, 
sloping up 


(b) High rounded front, with 
horizontal hood 

High squared front, with horizontal hood 


Adapted from Reference 13. 


Ratin: 
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Table 0-2. Drag Rating System (contd) 


Category 3. Cowl and fender cross-section. 

-- windshield7roo£ iunetion 

Flush hood and fenders, well- 
rounded body sides 

High cowl, low fenders 



(a) Hood flush with rounded- 
top fenders 

(b) High cowl, with rounded- 
to.p fenders 

Hood flush with squared-edged 
fenders 

Depressed Iiood, with high 
squared-edged fenders 



(c) 

Category . Windshield plan 

Full-wrap-around (aipproxima tely 
semicircular) 

Wrapped- round ends 

Bowed 

Flat 



Category 5. Windshield peak 


Rounded 



Squared (including flanges or 
gutters) 

Forward-projecting peak 



Rating 


1 

2 

3 


4 

5 


M£i2S. 


1 

2 

3 

4 


Rating 


1 

2 


3 
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Table D-2. Drag Rating System (ccntd) 


Categcry 6 ■ Roof plan 


We].l- or medium- tapered to rear 


Rating 

1 


Tapering to front and rear 
(max. width at BC post) or 
approximately constant width 


o 


Tapering to front (max. width 
at rear) 


fT — n 


Category 7. Rear roof / trunk 


(d) 


Rating 


Fastback (roof line continuous to 
tall) 


Semi fastback (with discontinuity 
In line to tail) 



Squared roof with trunk rear 
edge squared 




(a) Rounded roof with rounded trunk 


(b) Squared roof with short or no 
trunk 




Rounded roof with short or no trunk 









Table D-2, Drag Rating System (coritd) 


Category 8. Lower Rear End 


Well- or medium-tapered to rear 



Small taper to rear or constant width 


Outward taper (or flared-out fins) 

Category 9. Underbody 

Integral, flush floor, little 
projecting mechanism 

Intermediate 


Integral, projecting structure 
and mechanism 


Intermedia te 


Deep chassis 


Ra ting 


1 

2 

3 


Rating 


1 


2 

3 


4 

5 


(a) 

Fender mirrors. Include in protuberances if at the fender leading 
end. Otherwise add 1. 

^^^Add: 3 for separate fenders; 4 for open front to fenders (above 

bumper level); 2 for raised built-in headlamps; 4 for small separate 
headlamps; 7 for large separate headlamps. 

(g) 

Add: 1 for upright windshield; 1 for prominent flanges or rain 

gutters. 

^*^^Add: 3 for high fins or sharp longitudinal edges to trunk; 2 for 

separate fenders. Note; In all the ratings in this column, the 
trunk is assumed to be rounded laterally. 

Cg) 

Intermediate ratings applied from vehicle eKaminatlon. 

• NOTE: Throughout table, the word "taper'" of "tapered" refers to the 

plan view . 
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Drafi Coafflc-lent Estimation (J. J. Cornish ) 

Cornish divides a vehicle into 10 zones and assigns a sub-rating of 
from 1 to 3 to each of them (see Table D-3) . The total rating, R, is the 
sum of these 10 sub-ratings. Two windshield zone items (numbers 4 and 5) 
refer to the elevation and plan views, respectively. The resulting drag 
coefficient is calculated from 


Cjj = 0.62 - (0.01) (R) 


Table D-3. Aerodynamic Rating 


No . 

Item 

1 

2 

3 

1 

Grill 

Blunt; square 

Fairly sloped 

Well sloped 

2 

Lights 

Open; exposed 

Partially in^aCt 

Well faired 

3 

Hood 

Flat 

Fairly sloped 

Convex, sloped 

4 

Windshield 

S teep 

Fairly sloped 

well sloped 

5 

Windshield 

Fiat 

Fairly curved 

Well curved 

6 

Roof top 

Open 

Fairly sloped 

Convex, sloped 

7 

Rear Window 

Notched 

Fairly sloped 

Fastback type 

8 

Trunk 

Cut off square 

Fairly sloped 

Fastback type 

9 

Wheels 

Exposed 

Partially closed 

Well concealed 

10 

Underside 

Exposed 

Partial pan 

Full pan 
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Drag Coefficient: Estimation (B. Pershlnfi) 


This procedure is much more complicated but much less subjective 
than the previous two. The relevant vehicle dimensions and areas are 
illustrated in Figures D-1 and D-2. The total drag coefficient is 
defined as Che summation of eleven component coefficients: 


11 


i=l 


The details of the determination of the ith coBjponents follow (repro- 
duced directly from Reference 15): 


Front End Drag Coefficient, 



where 

2 2 

AF = front end projected area, m (ft ) 

R = edge radius, m (ft) 

E = running length of the edge radius, m (ft) 


and the subscripts u, 1, and v refer to the upper, lower, and vertical 
edges of the front end, respectively. The (R/E)^^ are to be taken as 
0.105 when the estimated values exceed this magnitude. 
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Figure D-1. Vehicle Dimensions (Reference 15) 


NOTCHBACK 


HATCHBACK 


FAST8ACK 







Windshield Drag Coefficient 




2 


C 



2.79 


COB S - 5.21 



2 

cos y 


where 


2 2 

= projected area of windshield, m (ft ) 
y = slope of the windshield measured from the vertical, deg 
h = 2y 

and the subscripts u’ and v' refer to the roof-windshield intersection 
and the windshield posts, respectively, llie value of cos 6 is to be 
taken as Kero for y larger than 45 degrees and the (R/E)^ are to be 
taken as 0.105 for estimated values exceeding this magnitude. 


front Hood Drag Coefficient, C 

3 


C 


0.707 



where 

A = projected area of body below the hood-windshield inter- 
section, m^ (ft^) 

= length of hood in the elevation or side view, ra (ft) 
and the quantity (A^ - A^,) is to be taken as zero if it is negative. 
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Rear VerclcaX Ectfec Drafe Cocf ficienL, Cj ^ 



wh ere 

R = radius of rear vertical edges, m (ft) 

V 

W = vehicle width, m (ft) 

= length of rear vertical edge radius, m (ft) 
H = vehicle height, m (ft) 

Base Region Drag Coefficient, C _ 

5 



where 


Ag = projected area of flat portion of base region 

= projected area of upper rear or hatch portion of base region 
measured from the upper rear roof breal: (or for smoothly 
curved roof lines, that point where the roof line slope is 15 
degrees) to the top of the flat base, m^ ('-t^) 


C = drag coefficient of the flat base 

= drag eoefflclent of the upper rear or hatch portion of the 
H base region 


and the ratio (Cp^ /C^ ) is shown In Figure D-2 as a function of ifc, the 

angle of the line from the upper rear roof break to the top of the flat 
base as measured from the horizontal. 
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Underbody Drag Coefficient, C 




0.025 (0.5 - x/L) 



0 < x/L S 0 .5 


= 0 


for x/L >0.5 


where 


X = smoothed forward length of the underbody, m (ft) 


L = vehicle length, m (ft) 


A 

P 


projected plan area of the vehicle, m (ft) 


Wheel and Wlieel Well Orag Coefficient, 


= 0.14 


Rear Wheel Well Fairing Drag Coefficient, 


Sg = -0.01 

Protuberance Drag Coefficient, 



1.1 
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where 


th 2 2 

A = projected area of j protuberance, m (ft ) 

’’j 


Bullet Mirror Drag Coefficient, Cj ^ 


10 


C„ = 0.4 


D 


10 




where 


2 2 

= projected area of mirror with bullet fairing, m' (ft ) 


Cooling Drag Coefficient, 


11 


11 




/ \ 

/ u \ 


1.0 - 0.75 \ — ) 

' u ' 

' u ' 


. 


where 


2 2 

radiator area, rn (ft ) 


(U^/U) 


exit velocity of cooling air from radiator 

2l ■ 


= 0.233 


1.0 - k (u/100)' 


and 


= 1.146 (m/sec) 


-2 


or 0.299 (mph) 


-2 
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Drag Coefficient versus Yaw Anfile (W, D. Bowman - Reference 16) 

Bowman has developed this generalized equation describing the 
functional relationship between drag coefficient and yaw angle: 

(1 - cos 6tj0 

where is the drag coefficient at zero yaw angle, i() is the yaw 

angle an9 K is a factor dependent upon . Table D-4 describes the 
relationship. 


Table D-4 


Vehicle Description 


^1 

Unstreamlined sedans 'of harsh, angular 
character with cowled or hooded elements 
around nose. Sedans with full width or 
full height grill openings and minimal 
camber at hood leading edge. 

0.56-0.49 

0.038-0.053 

UnstreaiTiiined notchback: sedans with 
partial height grill openings, cambered 
hood and fender leading edges. 

0.49-0.45 

0.53-0.01 

Bustleback and fastback sedan forms with 
filleted body surface intersections. 

Partial width and/or height grill open- 
ings. Well rounded corners and extremities. 

0.45-0.40 

0.01-0 .03 

Well streamlined racing coupes and fastback 
forms, smooth body surfaces. Well rounded 
or parabolic nose forms. 

0.40-0.27 

0.03-0.02 
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